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Each  of  my nematocyst  limbs  shift  and  pulse  on  ocean,  dangling  in  salt  for  tiny  meals  of
cytoplasmic meat. Your gills and silvered skins still microscopic, your uniformed fragile bodies
catch against my tentacle-teeth as I weave through depths, past pelagic zones to trail like finely
threaded angry lace, down where light has long been filtered out, diluted. I swing through you,
clouds  of  flagellates,  you  unholy  vulnerable  masses  of  genetic  matter, scattered  across  my
currents, forgotten by those who left you, equal, unnamed. I catch you, cradle your unfinished
translucence, sing for your new bodies with the twining of my jelly legs. I take you up in me to be
remembered as morsels. You will hang no longer in anonymous oblivion! I name you, offer grace
as I eat, ravenous on fields golden in fry. My limbs unfurl, reaching, furious in salt to taste and
pluck at fruit unripened, sweet in its infancy, all succulent eggs. I recognize each in my feasting.
So come forward! You children of albacore, blue giant, skip jack and yellowfin. Move through
my neurotoxins. Release into the ache of your spasming deaths. With my firing flesh, I curl your
lives into mine, I consume your spines, your soft bones, your livers full of oil, so juicy, your eyes
miniscule and sightless. Give yourself over. I give you neat death. Feel the pulse of my stinging!
Open your hearts to my spears! Lay bare your soft parts and revel as I make you in my image,
transmuted in cnidarian flesh.
-FEAST OF THE BOX JELLY, by Tegan Swanson
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1CHAPTER 1.  GENERAL INTRODUCTION
Introduction
The  origin  of  eukaryotes  is  intrinsically  linked  to  mitochondria.  An  ancient
endosymbiosis of a free-living α-proteobacterium within an archaeal host cell spawned a massive
genetic overhaul that gave rise to the modern eukaryotic lineage with distinct mitochondrial and
nuclear  genomes  (reviewed  in  Gray  2012).  Since  then,  most  genes  that  were  encoded  in
mitochondrial DNA (mt-DNA) were either lost or integrated into the nuclear genome, which has
resulted in a large fraction of nuclear genes that are bacterial in origin, and a vast reduction in the
size of mitochondrial genomes (mt-genomes)  (Szklarczyk and Huynen 2010). In this way, the
evolution of eukaryotic genome structure is intimately tied to mt-DNA, and an understanding of
the  evolutionary  forces  shaping  the  mt-genome  is  fundamental  to  an  integrated  view  of
eukaryotic evolution.
Perhaps the most striking feature of modern mt-genomes is the wide variation in gene
content,  which can differ by  almost 20-fold across eukaryotes  (Adams, 2003).  The  relatively
bacterial-like mt-genomes of Jakobid protists have retained as many as 96 genes (Burger et al.,
2013), while the scrambled and bizarre mt-DNA of dinoflagellates encodes just five (Waller and
Jackson, 2009). Now, with the number of nuclear and mt-genomes that have been sequenced, this
variation has revealed  the existence of lineage-specific patterns of mitochondrial gene loss or
transfer to the nucleus, which  can be reconstructed using phylogenetic methods and used as a
basis for understanding the general processes of mt-genome evolution.
The evolutionary forces driving the loss or transfer of mitochondrial genes to the nuclear
genome  have  been  a  subject  of  considerable  research.  Among  them, the  absence  of  sexual
recombination in the mitochondrion has been identified as a major factor (Brandvain and Wade,
22009;  Blanchard  and  Lynch,  2000). Inside the nucleus, recombination  allows  deleterious
mutations to be more  efficiently  removed.  This,  combined with the difficulty  of  transferring
complex eukaryotic nuclear genes into the bacterial-like mitochondrial genetic machinery (Berg
and Kurland, 2000; Doolittle, 1998), has resulted in the mostly unidirectional movement of genes
from the mitochondrion to the nucleus.
Furthermore, this one-way transfer of mitochondrial genes to the nucleus is predicted to
have consequences for the mitochondrial mutation rate through mutation-selection-drift balance
(Lynch, 2010; Sung et al., 2012). When an mitochondrial gene is successfully integrated into the
nuclear genome, the fixation of a loss-of-function mutation in the mitochondrial copy can render
it  effectively  neutral. This  leads  its  removal  from  mt-DNA,  reducing  the population-wide
mutational burden  of the  mt-genome.  This leads  to  weaker selection  against  higher rates  of
mutation in mt-DNA, thus causing the mitochondrial mutation rate to drift upward (Lynch 2011).
In  turn,  an  elevated mutation  rate  increases  the  mutational  burden of the remaining
mitochondrial-encoded  genes, increasing  the  probability  that  a  nuclear-integrated  copy  will
become fixed.  The net  result  is a positive  feedback loop, or  ratchet,  in  which  an  increased
mutation rate leads to an increased rate of gene loss, and vice versa.
The long-term  evolutionary  dynamics of  this  mitochondrial  ratchet can  be  rather
complex, and theoretical predictions about the relationship between mutation, selection and the
structure of mt-DNA depend strongly on several  population-level parameters, which can vary
dramatically among different groups of eukaryotes.  The simple case when population sizes do
not vary by more than an order of magnitude is described by the mutational hazard hypothesis
(Lynch et al., 2006),  which predicts an inverse relationship  simply  between the mitochondrial
mutation rate and the  expected per-generation  deleterious effects of mitochondrial  mutations,
3roughly  approximated  by genome  size.  This  prediction  is  consistent  with  many  large-scale
observations  of  organellar  genome structure  in  eukaryotes.  In  particular, the  mt-genomes  of
plants encode  a large number of genes  which  evolve  very  slowly,  and generally  contain large
quantities of non-coding DNA, while the mt-genomes of animals generally encode relatively few
genes and are fast-evolving, compact molecules  (Lynch 2007).
However,  other studies have  found conflicted  support  for  this  fairly  simple  model,
suggesting that population dynamics may be a significant factor, or that mt-genome size may not
always reliably approximate the total  magnitude of deleterious mutations  in  mt-DNA.  These
studies have pointed to a potential role for  specific confounding factors, such as the  unknown
deleterious effects of mutations in  most non-coding sequences (Sloan et al., 2010; Smith and
Lee,  2009,  2011),  or unmeasured sources  of  mutation which might  correlate  positively  with
organellar  genome size,  such  as  large  destabilizing insertions  of  foreign DNA  (Sloan  et  al.
2012) or  self-propagating  inverted  repeats  (Lavrov  et  al.,  2012).  As  such, a  unifying
interpretation of these results remains elusive.
In the following chapters, I aim to help clarify the interplay between mutation, selection
and  gene  loss  in  mt-DNA using  evidence from  animals  that  lack  bilateral  symmetry,  or
non-Bilateria  (Figure 1). This  large fraction of the animal kingdom includes sponges (phylum
Porifera), jellyfish, corals and anemones (phylum Cnidaria), comb jellies (phylum Ctenophora)
and placozoans (phylum Placozoa), all of which probably emerged more than 700 million years
ago  (Erwin et al. 2011).  This vast time-scale during which non-bilaterian evolution has taken
place  has  led  to  an  astounding  level  of  mitochondrial  diversity.  Unlike  in  Bilateria,  which
includes  all  other  animals,  substantial  variation is observed  in  the  mitochondrial  DNA  of
non-bilaterians, including variation in gene content, as well as variation in the rate of evolution.
4Indeed, the largest (Lavrov et al. 2013), smallest,  fastest-evolving (Pett et al. 2011; Kohn et al.
2012),  and  slowest-evolving  (Brugler  and France  2008;  Lavrov et  al.  2012) mt-genomes  in
animals  are  all from non-Bilateria.  By comparing mitochondrial  genomes  ranging along the
spectrum of this variation, we will explore several possible outcomes resulting from the varying
influence of selection and the mitochondrial ratchet.
Figure  1.  Phylogenetic  relationships  among  non-bilaterian  animals discussed  in  this
dissertation. Tree as in Philippe et al. 2009.
5Variable mitochondrial gene content in Homoscleromorpha
Homoscleromorpha is a small group of marine sponges that was traditionally considered
as  a sub-class  of  the  largest  group of  sponges,  class Demospongiae,  but was  very  recently
identified as constituting an entirely separate, fourth class of Porifera  (Gazave et al. 2011). Two
families  are recognized: Oscarellidae  and Plakinidae,  which are normally distinguished by the
absence  of  spicules  in  Oscarellidae (Gazave  et  al.  2010). However,  the reduced and poorly
organized spicule skeleton of homoscleromorphs is not always a reliable source for informative
morphological characters  (Cava et al. 1992),  and the cryptic morphology of these sponges has
proven to be a hurdle for classification  (Muricy et al. 1996; Muricy & Solé-Cava 1996).  As a
result, taxonomic studies in Homoscleromorpha have relied  heavily  on molecular markers  for
species delimitation, and in particular, several features of mt-DNA have proven to be essential in
delimiting homoscleromorph sponges at the family level (Gazave et al. 2013). Furthermore, from
a broader evolutionary perspective, several of these features are of interest in that they appear to
be unique to Homoscleromorpha, and may indicate a role for mutation pressure in the evolution
of sponge mt-DNA.
For example, mt-genomes in the family Oscarellidae encode an unusual gene, tatC, which
codes for part of the twin-arginine protein export pathway (Wang and Lavrov 2007). This extra
gene is found in the mt-DNA of unicellular eukaryotes (Burger et al. 2013), and in many plant
mitochondrial genomes (Yen et al. 2002), but is not found in any other animals. This extra gene,
combined with two duplicated tRNA genes, gives Oscarellidae one of the largest mitochondrial
gene  complements so  far  identified  among  animals.  At  the  same  time,  phylogenetic
investigations of mitochondrial sequence data have indicated that amino acid substitution rates in
the mt-genomes of Oscarellidae are much lower than in other sponges  (Lavrov et al. 2008), and
6are among the lowest in any group of animals (Lavrov et al. 2013). 
Thus,  the maintenance  of extra genetic  material  in  Oscarellidae  can  potentially  be
understood in terms of mitochondrial mutation pressure. Stronger or more efficient selection in
homoscleromorph mt-DNA could enable reductions in mitochondrial mutation rates, slowing the
pace of the mitochondrial ratchet and the loss of mitochondrial genetic material. This prediction
is also  consistent with observations from family Plakinidae,  where mt-DNA has experienced
elevated substitution rates  relative  to Oscarellidae,  and at the same time 19 tRNA genes  have
been lost in this group (Wang and Lavrov 2008).
However, the origin and functional significance of extra genes in Oscarellidae, including
tatC, has not been clarified, confounding any interpretation for mutation and selection. Thus, in
Chapter 2, using several lines of bioinformatic evidence, I aimed to clarify two basic questions
regarding  the  presence  of  tatC  in  Oscarellidae.  First,  Does this  gene  code  for  a  functional
protein? Whether or not this gene is exposed to selection depends crucially on whether or not it
expressed  and  translated  into  protein.  Second,  Was this  gene  obtained  via  horizontal  gene
transfer from another species,  or inherited from the ancestral  mt-genome? Given the current
view of class-level sponge relationships (Gazave et al. 2011), the retention of an ancestral tatC in
Oscarellidae would imply that this gene has been lost at least four separate times independently
among other animals, suggesting that rates of gene loss are indeed lower in the slowly evolving
mt-DNA of these sponges.
Relaxed selection and mutation pressure in glass sponge mt-DNA
Glass sponges (Class Hexactinellida), are a group of deep-sea sponges characterized by a
highly unusual syncytial  soft tissue organization,  in which the fusion of cells gives rise to a
7combination of multi-nucleate and cellular cytoplasmic regions within a single individual (Leys
et al. 2007). At a molecular level, this group of sponges is characterized by relatively high rates
of evolution in both nuclear and mitochondrial DNA (Dohrmann et al. 2008; Lavrov et al. 2013).
In addition to the loss of at least three mitochondrial genes (atp8, and two tRNA genes), and the
reduction  and  modification  of  several  other  mitochondrial genes  (Haen  et  al.  2007),  the
mitochondrial genomes of these animals have acquired many other unusual features, including a
relatively high frequency of  programmed translational frameshift mutations  (Rosengarten et al.
2008), in which a nucleotide insertion that disrupts the reading frame of a protein-coding gene is
nevertheless transcribed and tolerated by the mitochondrial translational machinery (Farabaugh
1996).
In Chapter 3, with my colleague Karri Haen, we describe the distribution of programmed
translational frameshift insertions in the mitochondrial genomes of eight glass sponges, and aim
to  clarify the role of selection  and mutation  in  the  evolutionary  maintenance  of these unusual
frameshift  insertions.  With  the  development  of  novel  statistical  models  for  describing  the
appearance and disappearance of frameshift mutations in a phylogenetic context (Appendix), we
aim  to  distinguish  among  different evolutionary  hypotheses  concerning  the  origin  of  these
mutations, including whether  identical frameshift sites  that are shared among distantly-related
sponges  arose through  convergent  evolution,  or  whether  a  they instead arose  only once and
underwent multiple secondary losses.
To clarify the role of selection in the evolution of glass sponge mt-DNA, and sponges in
general,  accurate  estimates of selection pressure are needed.  Thus  as a step in this direction,
another primary goal of Chapter 3 is to use phylogenetic methods to estimate long-term selection
pressures in  sponge  mitochondrial  protein-coding  sequences.  A commonly-used  measure  of
8selection  pressure  in  coding  sequences  is  the ratio of non-synonymous  and synonymous
substitution rates (dN/dS). However, we found strong evidence that this measure is inappropriate
for  use  over  the  Paleozoic time-scales  encompassing  the  evolution  of sponges.  Thus,  a  key
technique in this procedure is the use of several alternative measures based on the biochemical
properties of amino acid substitutions (Nabholz et al. 2013) that we demonstrate are not subject
to the same saturation bias as dN/dS in sponge mt-DNA.
The mitochondrial ratchet in comb jellies
The animal  phylum  Ctenophora,  also  known  as  comb  jellies,  is  a  small  group  of
gelatinous, mostly pelagic,  marine animals that have traditionally been classified with Cnidaria
on  the  basis  of  several  superficial morphological  similarities  (Harbison  1985),  including  a
relatively simple  radially symmetrical body plan,  the lack of a developed mesoderm,  a body
cavity consisting mostly of poorly differentiated gelatinous mesoglea, as well as the presence of
a  decentralized nerve  net system  (Hernandez-Nicaise  1974).  However,  several  recent
phylogenomics studies have  challenged this view,  and recent studies have failed to resolve the
issue (Dunn et al. 2008; Philippe et al. 2009; Pick et al. 2010; Philippe et al. 2011; Nosenko et al.
2013; Ryan et al. 2013; Moroz et al. 2014).  The phylogenetic position of Ctenophora  remains
one of the most controversial topics in animal phylogeny.
To help further clarify the patterns of evolution in this enigmatic group, we sequenced the
mt-genome of  Mnemiopsis  leidyi,  representing  the  first  mitochondrial  sequence  data  from
Ctenophora. As we discuss in Chapter 4, our results reveal one of the most extreme examples of
mitochondrial  evolution  ever  described in  animals. Following the  publication  of  our  results,
another ctenophore mt-genome was also completed (Kohn et al. 2012), which together with our
9data,  has revealed  that  ctenophores  harbor the smallest,  most  gene-impoverished and fastest
evolving mt-DNA in all of animals.
Unlike the mt-genomes of all  other animals,  those of ctenophores do not encode any
genes for subunits of the ATP synthase complex of the mitochondrial respiratory chain, and also
do not encode any tRNA genes. The complete absence of all tRNA genes from the mt-DNA of
ctenophores is particularly striking,  since significant losses of  mitochondrial tRNA genes have
only been observed in a few other groups of animals  (Schneider 2011).  At  the same time  as
experiencing dramatic  rates  of  gene  loss,  mitochondrial substitution  rates  in  ctenophores far
exceed  estimates from every other  group  of  animals.  Indeed,  the  rate  of  substitution  in
ctenophore mt-DNA is so extreme that  the identity of  several  common  mitochondrial  proteins
encoded in the tiny genome of M. leidyi could not be reliably determined solely on the basis of
amino acid sequence similarity with other animals.
Mitochondrial  substitution  rates  in  M. leidyi appear  to be  far  higher  than  would  be
expected solely on the basis of  rates of substitution  in the nuclear genome (Ryan et al. 2013),
suggesting that mutation rates have indeed been elevated in ctenophore mt-DNA. However, the
population biology of ctenophores, which involves hermaphroditism, short generation times and
frequent  bottlenecks,  could  confound this interpretation of the extreme rate  of  mitochondrial
evolution in  these animals (Purcell et al., 2001). Nevertheless,  while  the astronomical rate of
evolution in ctenophore mitochondrial DNA has almost completely obscured  any phylogenetic
relationship with other animals, the link between extreme rates of mutation and gene loss in this
group of animals perhaps represents the nearest approach of any multi-cellular organism to the
mitochondrial ratchet's event horizon.
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The ratchet also clicks in the nucleus
The loss of genes from the mitochondrial genome  can also  have consequences for the
evolution  of  mitochondrial  proteins  encoded  in  the  nucleus.  In  particular,  the  widespread
variation in the number of tRNA genes encoded in non-bilaterian mt-DNA could potentially have
implications for the evolution of mitochondrial translation, and mt-tRNA processing enzymes
encoded in nuclear DNA.  For example, our results  from Ctenophora  show that the loss of all
mt-tRNAs coincides with the loss of nearly all nuclear-encoded mitochondrial aminoacyl-tRNA
synthetases (mt-aaRS), suggesting that the maintenance of these enzymes is limited primarily by
the  presence  or  absence  of  a  corresponding  mt-tRNA substrate  in  this group.  This  is  also
consistent with the distribution of mt-tRNAs and mt-aaRS in Cnidaria (Haen et al. 2010; Pett et
al.  2011). In  addition,  at  least  four lineages  within  sponges  have  experienced significant
mt-tRNA loss, including the homoscleromorph family Plakinidae,  where all but six mt-tRNAs
have been lost (discussed earlier); the order Keratosa within class Demospongiae, where all but
two mt-tRNAs have been lost  (Erpenbeck et al. 2009); demosponges in the order Chondrosida
(unpublished  data);  and  representatives  of  the  haplosclerid  demosponge  family  Niphatidae,
including Amphimedon queenslandica (Wang and Lavrov 2008).
In  order  to  better  characterize  the  impact  of  mitochondrial  evolution  on  the  fate  of
nuclear-encoded protein-coding genes, a primary goal of Chapter 5 is to extend these results in
Ctenophora and Cnidaria and profile genomic and transcriptomic data from all four classes of
sponges,  as well as several unicellular relatives of animals, for the presence of  mt-aaRS  and
other mt-tRNA processing enzymes. Our results from sponges show important differences with
Ctenophora  and  Cnidaria,  and  highlight  the  unique  impact  that  the  more  prokaryotic-like
translational  machinery of  sponges  can have on mitochondrial  evolution.  Finally,  our results
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point  to  a  role  for  relaxed  selection  on  mitochondrial  translation  in  the  loss  of  many
mitochondrial tRNA processing activities, in addition to the constant motion of the mitochondrial
ratchet.
Dissertation Organization
This dissertation consists of this general introduction, four journal articles (Chapters 2-5),
and  general  conclusions  (Chapter  6).  Chapter  2,  published  in  Integrative  and  Comparative
Biology (2013), describes the evolution and functional significance of  tatC,  an unusual gene
encoded  in  the  mt-DNA of  members  of  the  homoscleromorph  sponge  family,  Oscarellidae.
Chapter 3, published in Gene (2014), describes an unusual pattern of mutation in glass sponge
mt-DNA, and characterizes  the  patterns  of  selection  in  three  classes  of  sponges.  Chapter  4,
published in Mitochondrial DNA (2011), presents the first complete mt-genome from the animal
phylum  Ctenophora,  and  describes  several  of  its  unusual  features.  Chapter  5,  prepared  for
submission to Genome Biology and Evolution, examines the parallel evolution of mitochondrial
tRNA genes and their associated nuclear-encoded processing enzymes in non-bilaterian animals,
and  describes  patterns  of  selection  acting  on  a  particular  class  of  these  genes.  Under  the
advisement  of  my  major  professors,  I  conceived  the  research,  analyzed  the  data  and  wrote
manuscripts  for Chapters 2-5.  My colleague,  Karri  Haen, contributed equally to the research
presented in Chapter 3. The dissertation concludes with Chapter 6, which contains the summaries
of the thesis and recommendations for future research.
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CHAPTER 2. THE TWIN-ARGININE SUBUNIT C IN OSCARELLA: ORIGIN,
EVOLUTION, AND POTENTIAL FUNCTIONAL SIGNIFICANCE
A paper published in Integrative and Comparative Biology
Walker Pett, Dennis Lavrov
Abstract
The twin-arginine translocation (Tat) pathway is a protein transport system that moves
completely folded proteins across lipid membranes. Genes encoding components of the pathway
have been found in the genomes of many Bacteria, Archaea, and eukaryotic organelles including
chloroplasts, plant mitochondria and the mitochondria of many protists. However, with a single
exception,  Tat  genes  are  absent  from  the  mitochondrial  genomes  of  all  animals.  The  only
exception  comes  from  the  homoscleromorph  sponges  in  the  family  Oscarellidae,  whose
mitochondrial  genomes encode a gene for  tatC,  the largest subunit of the complex. Here we
explore  the  origin  and  evolution  of  the  mitochondrial  tatC gene  in  Oscarellidae, and  use
bioinformatic  approaches  to  evaluate  its  functional  significance.   We  conclude  that  tatC in
homoscleromorph sponges was likely inherited from the ancestral proto-mitochondrial genome,
implying multiple independent losses of the mitochondrial Tat pathway during the evolution of
opisthokonts.  In addition, bioinformatic evidence suggests that  tatC  comprises the entire Tat
pathway in  Oscarellidae,  and that the Rieske Fe/S protein of mitochondrial complex III is its
likely substrate.
Introduction
The twin-arginine translocase (Tat) pathway is a widespread protein export system, found
throughout all domains of life, and is responsible for the task of transporting completely folded
17
proteins across lipid membrane bilayers (Lee et al. 2006).  It is named for the characteristic pair
of  arginine  residues  conserved in  the  targeting  motifs  of  Tat-translocated  proteins.   The  Tat
translocase  machinery  is  usually  composed  of  2-5  protein  subunits  forming  multimeric
complexes.  The essential members of the complex in E. coli are the Tat A, B and C subunits,
however, most Gram-positive bacteria contain only TatA and TatC-type proteins. The first of
them is a small  protein that contains a single transmembrane span.  The latter  is the largest
subunit  and has  been shown to contain six  transmembrane domains.  In prokaryotes,  the Tat
pathway plays a vital role in the excretion of proteins whose proper folding can only be achieved
inside the cytoplasm, for example by the presence of complex cofactors, chaperonins, or metallic
ions in cytoplasmic concentrations (Palmer and Berks 2012).
Outside prokaryotes, genes encoding the subunits of the translocase complex can also be
found in many eukaryotic organellar genomes including those of chloroplasts  (Braun & Theg
2008), plant  mitochondria  and  the  mitochondria  of  many  protists  (Yen  et  al.  2002). In
chloroplasts, the pathway is required for the assembly of photosystem II and cytochrome b6f in
thylakoid membranes.  In mitochondria, no function has been confirmed for the Tat complex, but
its  involvement  in  the  assembly  of  the  Riekse  Fe/S  protein  in  the  complex  III  of  the
mitochondrial  electron  transport  chain  has  been  proposed based on the  observation  that  the
homologous protein is transported via the Tat pathway in bacteria  (Hinsley et al. 2001).  The
function of the mitochondrial Tat system is further obscured by the fact that tatA is absent from
nearly all mitochondrial (and nuclear) genomes, with the single exception of Jakobid protists
(Burger et al. 2013).  Other mitochondrial genomes encode only tatC.
Despite  its  essential  role  in  many  organisms,  the  Tat  pathway  appears  to  have  been
completely  lost  from all  opisthokont  lineages  (Fungi,  Metazoa  and relatives)  with  only  two
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exceptions: one in the choanoflagellate Monosiga brevicollis (Burger et al. 2003), and the other
in  a single  family  of  homoscleromorph  sponges,  Oscarellidae  (Wang  and  Lavrov  2007).
Strikingly, a gene homologous to  tatC  is found in the mitochondrial DNA of all Oscarellidae
species examined to date and has been found nowhere else in the animal kingdom.  This  unusual
presence and phylogenetic conservation of tatC in Oscarellidae gives rise to several questions as
to the origin and function of this protein, which we address in this study.  
First,  using  phylogenetic  analysis,  we  attempt  to  identify  the  origin  of  tatC  in
Oscarellidae.   Specifically,  we  address  whether  tatC was  inherited  from  the  ancestral
mitochondrion  or  if  it  was  acquired  horizontally  from  another  organism.   Second,  using
three-dimensional protein structure analysis,  we assess whether  the TatC peptide structure in
Oscarellidae possesses the functional features that are characteristic of the canonical prokaryotic
TatC.   Third,  we present  sequence-level  bioinformatic  evidence  that  supports  the  previously
proposed hypothesis that the Reiske Fe/S protein is substrate of mitochondrial Tat pathway in
Oscarellidae.  Together, these different lines of inquiry provide us with insight into the evolution
and function of this highly unusual animal mitochondrial gene.
Materials and Methods
Sequence data
Homoscleromorph  mitochondrial  tatC DNA sequences  were  determined  in  previous
studies (Wang and Lavrov 2007). Other tatC amino acid sequences were obtained from the NCBI
Refseq protein database by downloading all sequences matching either the term tatC followed by
clustering to 70% identity using CD-HIT (Li and Godzik 2006).  This resulted in a dataset from
84 species, including sequences from 65 eukaryotic organelles and 19 prokaryotes.  Amino acid
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sequences for mitochondrial Riekse Fe/S proteins were obtained for 24 eukaryotic species from
the Uniprot database.  Complete proteomic data for 39 eukaryotic species was obtained from
publicly available genomic databases (Table 1).  Amino acid sequences for Rieske Fe/S protein
and Bcs1 homologs sequences were identified by reciprocal blast using human sequences as a
query,  and  their  identities  confirmed  using  manual  blastp  queries  to  the  NCBI  nr  protein
database.  Mitochondrial tatC gene presence/absence was determined based on annotations in the
NCBI Organelle Genome Resources database.  A draft whole genome assembly and predicted
proteome for Oscarella carmela were accessed at the Compagen database (Hemmrich and Bosch
2008).  Access to a draft transcriptome from the calcareous sponge Sycon cilliatum was provided
by Maja Adamska at the Sars International Center for Marine Molecular Biology in Bergen,
Norway.  All amino acid sequences used in proceeding analyses are included in supplementary
material. 
Sequence analysis
Sequence alignments were performed using MAFFT with default parameters (Katoh et al.
2005).  Pairwise dN/dS ratios among Oscarellid tatC sequences were calculated using PAML 4.7
(Yang  2007), and  the  average  of  these  values  was  used  as  an  estimate  of  the  ratio  of
non-synonymous to synonymous substitutions (ω) in this group.  Phylogenetic analysis of tatC
amino acid sequences was performed with MrBayes 3.2.1 using a mixed amino acid substitution
model and gamma distributed rates across sites (Ronquist et al. 2012).  Two analyses with four
chains each were run for 5,000,000 generations, and the resulting posterior distribution of trees
was estimated using a burn-in of 1,000,000 generations.
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Homology modeling
A homology model of the three-dimensional structure of TatC in Oscarella carmela was
built with MODELLER 9.1 (Eswar et al. 2008) using the crystal structure of TatC from Aquifex
aeolicus  as a template (PDB ID = 4B4A)  (Rollauer et al.  2012).  Electrostatic surfaces were
estimated  for  both  protein  structures  using  DelPhi  (Peitzsch  et  al.  1995), and  the  resulting
surfaces were visualized in PyMol (Schrödinger, LLC 2010).
Results and Discussion
A proto-mitochondrial origin of tatC in Oscarella
An open reading frame with significant sequence similarity to the gene for subunit C of
the Tat protein export pathway (tatC) was originally found in the mitochondrial genome of the
homoscleromorph  sponge  Oscarella  carmela  (Wang  and  Lavrov  2007). Subsequent  studies
revealed the presence of tatC homologues in all species in the family Oscarellidae (Gazave et al.
2010). By constrast,  tatC is not found in either the mitochondrial or nuclear genomes of any
other animals or fungi reported to date, but has been found in one other opisthokont species, the
choanoflagellate  Monosiga brevicollis  (Burger  et  al.  2003).  The  occurrence  of  this  gene in
Oscarellidae can be explained in one of two ways.  Either  tatC was present in the common
ancestor  of  Metazoa  and  lost  at  least  four  times  independently  in  the  lineages  leading  to
Eumetazoa,  Silicea,  Calcarea,  and  Plakinidae  (Fig  1),  or  it  was  gained  in  Oscarellidae via
horizontal gene transfer.  To evaluate these hypotheses we conducted a phylogenetic analysis of
tatC-encoded amino acid sequences from across all three domains of life (Fig 2).  
We  found  that  the  Oscarellid  tatC sequence  grouped  with  other  mitochondrial  tatC
sequences,  and  not  with  prokaryotic  sequences,  thus  rejecting  the  possibility  of  horizontal
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transfer to Oscarellidae from a prokaryote.  Also, excluding several poorly aligned fast-evolving
sequences, all mitochondrial  tatC  genes formed a monophyletic group,  suggesting a common
proto-mitochondrial ancestor for all  tatC sequences.  However, the  Oscarella  branch formed a
deep polytomy with several other eukaryotic lineages. This lack of resolution at the base of the
mitochondrial clade is expected, given the short length of the analyzed sequence alignment and
ancient diversification times, but leaves open the possibility of an ancient horizontal transfer
event from the mitochondrial DNA of another early-diverging eukaryote.  However, we view this
possbility as unlikely for three reasons.  First, no other example of inter-mitochondrial transfer of
tatC  has  been  reported,  and the  well-supported  mitochondrial  clades  in  our  analysis  do  not
provide any evidence of such a transfer.  Second, inter-mitochondrial gene transfer has never
been confirmed in  other  animals.   Third,  multiple  independent  losses  of  mitochondrial  tatC
reported in several other eukaryotic lineages are supported by our analysis, and are consistent
with a general tendency for parallel gene loss from organellar genomes (Martin and Herrmann
1998). Thus, we find no evidence to reject the hypothesis of vertical transmission of  tatC  to
Oscarellidae.
A functional mitochondrial Tat pathway in Oscarellidae
Mitochondrial  tatC in Oscarellidae is  well-conserved in length (759 nt)  and sequence
(mean encoded amino acid percent identity = 87%).  Furthermore, analysis of non-synonymous
and  synonymous  substitutions  indicates  that  this  gene  is  under  purifying  selection  (mean
pairwise  ω = 0.29) and thus likely codes for a functional protein.  At the same time, we were
unable to locate any candidate tatA sequences in Oscarella carmela. This result is consistent with
previous studies that have failed to identify a distinct mitochondrial  tatA protein in most other
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eukaryotes (with the single exception of jakobid protists)  (Wu et al.  2000; Yen et al.  2002;
Burger et al. 2013).
In  an  attempt  to  confirm the  functionality  of  tatC in  Oscarellidae,  we constructed  a
homology model of the three-dimensional structure of the TatC protein in O. carmela, using the
recently  solved  X-ray  cystral  structure  of  TatC  from  the  bacterium  Aquifex  aeolicus as  a
template.  The resulting model is highly congruent with the bacterial structure (RMSD = 0.517,
Fig 3).  The matrix-facing surface of the protein shows two negatively charged sites conserved
between O. carmela and A. aeolicus (Fig 3A), which are the location of two conserved glutamate
residues.  These residues are hypothesized to be the coordination site of the twin arginines that
form the core of the canonical Tat targeting motif that is conserved in most known peptides that
are targeted to the Tat pathway (Rollauer et al. 2012).  
The inner surface of the protein, buried in the hydrophobic core of the mitochondrial
inner membrane, is mostly neutral  or positively charged in  O. carmela  (Fig 3B).  This is in
contrast to the same surface location in A. aeolicus where a negatively charge glutamate residue
is  exposed  to  the  hydrophobic  environment  of  the  membrane  core.   This  highly  unstable
configuration in Aquifex is stabilized by the binding of TatA, a hypothesis supported by docking
simulations (Rollauer et al. 2012).  
The absence of this exposed residue in O. carmela may be related to the absence of tatA.
The loss of tatA would disrupt the stabilization of this exposed residue, accelerating substitutions
to amino acids that are thermodynamically favored by the local hydrophobic environment.  This
can be seen in the alignment of tatC sequences (supplementary material), where in bacteria and
chloroplasts (which encode tatA), a negatively-charged glutamine or glutamate residue is highly
conserved at this position (165 in  A. aeolicus), whereas in mitochondrial  tatC sequences, this
23
position is poorly conserved.  Interestingly, this position is conserved in the mitochondrial tatC
sequences  of  plants  and  green  algae  despite  the  absence  of  a  mitochondrial  tatA,  perhaps
suggesting that the  tatA identified in the chloroplast genomes of plants is also involved in the
mitochondrial Tat pathway.
Together, the conserved sequence and structure of TatC in  O. carmela  provide strong
evidence that a functional Tat pathway is present in Oscarellidae, but that it appears to operate
without TatA.  Because TatA is the subunit that forms the actual membrane pore through which
proteins are transported, our results suggest that in Oscarellidae and some other eukaryotes, the
Tat  pathway  is  unable  to  translocate  proteins  completely  across  a  membrane,  and  instead
functions only in the insertion of these proteins into the membrane.
A possible substrate for TatC in Oscarellidae
There are no studies that have directly identified the substrate of mitochondrial TatC in
any species, although the Riekse Fe/S protein, a subunit of complex III in the mitochondrial
electron transport chain, has been proposed as a likely candidate (Hinsley et al. 2001; Molik et
al. 2001).  A homologous protein is transported across the inner membrane of chloroplasts via
the Tat pathway, and conserved Tat motifs in mitochondrial sequences have led other authors to
suggest it may also be targeted to the Tat pathway in mitochondria.  In contrast, in fungi, which
lack a mitochondrial  Tat pathway,  the Reiske Fe/S protein is  inserted into the mitochondrial
membrane via a different pathway involving an AAA membrane transporter protein called Bcs1,
and lacks a Tat motif (Wagener et al. 2011; Wagener and Neupert 2012).
We performed reciprocal blast searches in an attempt to locate Bcs1 and Rieske proteins
in a variety of complete eukaryotic genome datasets, the results of which are summarized in
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Table 1.  We found Bcs1 orthologs in most species other than O. carmela.  The lack of Bcs1 in
O. carmela at first seems unusual given the overall infrequency with which Bcs1 has been lost in
eukaryotes.  However, the size of the Bcs1 AAA protein family varies widely among eukaryotic
lineages.  The loss  of  Bcs1 would  be  unlikely  in  plants  and fungi,  which  possess  at  least  2
paralogs from the  Bcs1 family, with as many as 36 in angiosperms (Frickey and Lupas 2004).
However, the probability of a total loss of  Bcs1 is increased in animals, which possess only a
single Bcs1 sequence.  The absence of Bcs1 in Oscarellidae may in part explain the retention of
tatC: assuming Bcs1 and TatC have redundant functions, the loss of Bcs1 would necessitate the
retention of tatC for the maintenance of that function.  
We were  unable  to  identify  a  Bcs1  ortholog  in  any  unicellular  relatives  of  Metazoa
(Monosiga brevicollis and Capsaspora owczarzaki), suggesting that Bcs1 was lost independently
in these lineages following their divergence with Metazoa.  However, we were unable to identify
a tatC gene in the mitochondrial genome of Capsaspora owczarzaki, despite the identification of
a  Rieske  protein  coding  gene  in  the  nuclear  genome.   Thus,  C.  owczarzaki provides  a
counterexample  to  the  hypothesis  that  either  Bcs1  or  tatC  is  required  for  Rieske  protein
assembly.  We observed a similar pattern in other protist lineages, suggesting that there may be
other  unknown  transporter  proteins  capable  of  assembling  the  Reiske  protein  into  the
mitochondrial membrane.
We also examined an alignment of Rieske Fe/S proteins from various eukaryotic species,
and constructed consensus sequences from the region corresponding to the canonical Tat-motif in
bacteria (Supplementary data, Fig 4).  Among eukaryotes that encode tatC in their mitochondrial
genomes, including O. carmela, a canonical Tat motif is well-conserved.  In fungi, where Rieske
Fe/S is  assembled via  the  Bcs1 pathway,  a  consensus  motif  in  this  region has  been almost
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completely  degraded.   In  other  cases,  the  situation is  less  straightforward.   For  example,  in
several non-bilaterian animals, a Tat-like motif is present in the Rieske sequence.  However, no
tatC homolog could be identified in either the mitochondrial or the nuclear genomes of these
animals.  With  these  caveats,  the  conservation  of  a  canonical  Tat  motif  and  the  convergent
recruitment of proteins involved in Reiske Fe/S assembly, suggest that Rieske Fe/S may be the
substrate of the mitochondrial Tat pathway.
Conclusion
Our study investigated  the origin  and potential  function  of  mitochondrial  tatC  in  the
homoscleromorph family of sponges, Oscarellidae. Our phylogenetic analysis of tatC sequences
from both prokaryotes and eukaryotes is not consistent with the hypothesis that Oscarellid tatC
was  acquired  via  horizontal  gene  transfer  from  a  prokaryote,  but  is  consistent  with  two
alternative  scenarios:  one  in  which  tatC  was  acquired  via  horizontal  transfer  from another
mitochondrial genome, which we view as unlikely, or one in which tatC was inherited vertically
from the common mitochondrial ancestor, which would imply at least four independent losses of
this gene within Metazoa.  Furthermore, both the pattern of sequence evolution and the structural
analysis indicated that TatC is functional in Oscarellidae.  We provide bioinformatic evidence
that the Rieske Fe/S subunit of mitochondrial complex III is a plausible substrate for  tatC  in
Oscarellidae, supporting previous conjectures.  In addition, we found that  tatC comprises the
entire mitochondrial Tat pathway in this family.  More generally, we have shown that the loss of
tatC is not uncommon in eukaryotes, and the loss of another membrane transporter protein, Bcs1,
for Rieske Fe/S assembly may help explain the retention of tatC in Homoscleromorpha.
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Figure 1.  Two possible origins of tatC in Oscarellidae.  Hypothesis 1, independent losses in 
Metazoa: Green branches indicate lineages in which tatC was present, and red blocks indicate 
gene loss events.  Hypothesis 2, horizontal gene transfer: the arrow pointing to the lineage 
leading to Oscarellidae indicates the phylogenetic position of a hypothetical horizontal gene 
transfer event.  Phylogenetic relationships are based on recent, well-supported phylogenomic 
analyses (e.g Philippe et al. 2009; Gazave et al. 2010; Pick et al. 2010; Gazave et al. 2011)
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Figure 2.  Bayesian molecular phylogeny of tatC amino acid sequences.  Maximum clade 
credibility tree constructed using a mixed amino acid substitution model.  Node labels represent 
posterior probabilities for a particular clade.  Tree was rooted using prokaryotic sequences as an 
outgroup.
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Figure 3.  Homology model of TatC peptide from Oscarella carmela and template from 
Aquifex aeolicus.  Blue regions indicate positively charged surface and red region indicate 
negatively charge.  The homology model for TatC in O. carmela was built using MODELLER, 
electrostatic surfaces for both models were estimated using DelPhi, and models were visualized 
using PyMol. A. Inner membrane surface view. B. Through-membrane cross-section view.  
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Figure 4.  Consensus Tat targeting motif sequences in Rieske Fe/S proteins.  Numbers in 
parentheses represent the number of sequences using in constructing the consensus.
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Table 1. Bcs1 and Rieske Fe/S protein-coding gene content among eukaryotes. x's indicate 
presence of a reciprocal best hit, except for tatC gene content data, which was determined from 
publicly available annotated complete mitochondrial genomes.
Bcs1
Plants
x x x TAIR10
x x AGSI00000000
x x x
x x x
x x x
x x CAID00000000
x x x
x x x
x x x
Zea mays x x x
Fungi
x x ACDU01000000
x x ACJE00000000
x x CGD Assembly 19
x x CP003820-CP003834
x x
x x ACPE01000000
x x SGD S288C R64
x x
x x ACOE00000000
x x ACUQ00000000
x x EAAA00000000
x x ACJG00000000
x x AADD00000000
x x ABAV00000000
x x
x x SARS
x x ACQM01000000
x x ABGP00000000
x x ABIR00000000
x x AAFD00000000
x AATU00000000
x ACFS00000000
x x ABFJ00000000
x
x AAGK00000000
x x
x x
x x x ACER01000000
Ciliates
x x Sanger Institute Tb927
tatC Rieske Database/Genbank Accession
Arabidopsis thaliana
Coccomyxa sp.
Chlamydomonas reinhardtii CrGDB 179
Carica papaya CpGDB 113
Oryza sativa OsGDB 120
Ostreococcus tauri
Physcomitrella patens PpGDB 152
Sorghum bicolor SbGDB 79
Vitis vinifera VvGDB 145
ZmGDB 166
Allomyces macrogynus
Aspergillus niger
Candida albicans
Cryptococcus neoformans
Debaryomyces hansenii Genolevures Release 2
Mycosphaerella graminicola
Saccharomyces cerevisiae
Schizosaccharomyces pombe PomBase v1.18
Spizellomyces punctatus
Metazoa
Amphimedon queenslandica
Ciona intestinalis
Daphnia pulex
Homo sapiens
Nematostella vectensis
Oscarella carmela Compagen
Sycon ciliatum
Saccoglossus kowalevskii
Trichoplax adhaerens
Trichinella spiralis
Protists
Heterokonts
Thalassiosira pseudonana
Phytophthora infestans
Opisthokonts
Capsaspora owczarzaki
Monosiga brevicollis
Apicomplexans
Plasmodium falciparum PlasmoDB v9.0
Theileria annulata GeneDB
Theileria parva
Amoebozoans
Dictyostelium discoideum Dictybase
Dictyostelium purpureum Dictybase
Excavata
Naegleria gruberi
Paramecium tetraurelia ParameciumDB 1.57
Kinetoplastea
Trypanosoma brucei
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CHAPTER 3. EIGHT NEW MTDNA SEQUENCES OF GLASS SPONGES REVEAL AN
EXTENSIVE USAGE OF +1 FRAMESHIFTING IN MITOCHONDRIAL
TRANSLATION
A paper published in Gene
Karri M. Haen, Walker Pett and Dennis V. Lavrov
Abstract
Three  previously  studied  mitochondrial  genomes  of  glass  sponges  (Phylum Porifera,
Class Hexactinellida) contained single nucleotide insertions in protein coding genes inferred as
the sites of +1 translational frameshifting. To investigate the distribution and evolution of these
sites in glass sponges, and to help elucidate the mechanism of frameshifting,  we determined
complete or nearly complete mtDNA sequences from eight additional species of glass sponges
and examined individual mitochondrial genes from three others. We found nine new instances of
single  nucleotide  insertions  in  these  sequences  and  analyzed  them  both  comparatively  and
phylogenetically.  The  base  insertions  appear  to  have  been  gained  and  lost  repeatedly  in
hexactinellid mt protein genes, suggesting no functional significance for the frameshifting sites.
A high degree of sequence conservation, the presence of unusual tRNAs, and a distinct pattern of
codon  usage  suggest  the  “out-of-frame  pairing”  model  of  translational  frameshifting. 
Additionally, we provide evidence that relaxed selection pressure on glass sponge mtDNA –
possibly a result of their slow growth rates and deep-water lifestyle – has allowed frameshift
insertions to be tolerated for hundreds of millions of years. Our study provides the first example
of  a  phylogenetically  diverse  and  extensive  usage  of  translational  frameshifting  in  animal
mitochondrial coding sequences.
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Introduction
Mitochondria,  or  their  remnants,  hydrogenosomes  and  mitosomes,  are  essential
organelles that are present in all eukaryotic cells (Hjort et al. 2010). The primary function of
mitochondria  is  ATP production  via  the  oxidative  phosphorylation  (OXPHOS)  pathway.  In
addition,  mitochondria  perform  crucial  roles  in  many  other  metabolic,  regulatory  and
developmental  processes  including  cell  growth,  ageing,  and the  regulation  of  the  cell  cycle
(Detmer and Chan 2007).  Despite the common functions of mitochondria in most eukaryotes,
the evolution of their genomes follows remarkably different paths among phylogenetic lineages
(for a review see Lang, Gray, and Burger 1999).  Furthermore, recent advances in the sampling
of mitochondrial (mt) genomes revealed an unexpected diversity of mt-genomic features within
Metazoa (animals),  a group previously thought to harbor small,  simple and uniform mtDNA
(Lavrov 2007). 
Among the unusual features reported in animal mtDNA are single base insertions that are
occasionally found in coding sequences (Milbury and Gaffney 2005; Beckenbach, Robson, and
Crozier 2005; Parham et al. 2006; Beckenbach, Robson, and Crozier 2005; Parham et al. 2006;
Haen et al. 2007; Russell and Beckenbach 2008; Rosengarten et al. 2008). Because metazoan
mitochondrial genes that encode proteins involved in OXPHOS are essential to survival (but see
Danovaro et  al.  2010 for a possible exception) mechanisms that correct potential  changes in
reading frame should exist.   Two such mechanisms have been proposed: post-transcriptional
RNA editing,  which  alters  the  gene  sequence  at  the  RNA level  (Benne  et  al.  1986)  and
programmed translational  frameshifting,  which bypasses mutations during translation without
physically correcting them (Farabaugh 1996a, b). Messenger RNA editing is very uncommon in
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animal mitochondria (Burger et al. 2009); hence translational frameshifting has been inferred for
these sites. 
The mechanistically diverse phenomenon of programmed translational frameshifting has
been  studied  extensively  in  prokaryotes  and  unicellular  eukaryotes  such  as  Saccharomyces
cerevisiae (Farabaugh 1996a),.  In  these  organisms some genes  have  evolved short  sequence
motifs (frameshifting sites or signals) that predispose ribosomes to shift from the zero-frame to
an alternative reading frame, typically by moving in the forward or reverse direction by one or
two nucleotides.  Oftentimes,  the  frameshifting  site  occurs  in  close  proximity  to  a  “hungry”
(rarely used) codon (Weiss and Gallant 1986), which, once shifted in the +1 or -1 direction,
encodes  two  nucleotides  of  a  frequently  used  codon  (Fig.  1).   Although  translational
frameshifting has long been suggested for some animal mitochondrial genes (Mindell, Sorenson,
and Dimcheff 1998), the system where it has been experimentally validated came as a surprise.
In vertebrate mitochondria, the rarely used AGR triplets are thought to behave as stop codons
(i.e., the vertebrate mitochondrial genetic code). However, these codons in human mitochondrial
cox1  and  nad6 were demonstrated to be the sites of -1 translational frameshifting resulting in
standard UAA and UAG stop codons (Temperley et al.  2010). Additional putative frameshift
sites have been proposed in the mitochondria of many birds, turtles and ants. All of them involve
single base insertions that would require the ribosome to advance +1 nucleotide to reestablish the
correct reading frame (reviewed in Russell and Beckenbach 2008; Temperley et al. 2010). 
Three basic models have been proposed to explain the processing of +1 programmed
translational frameshifts.  The “pause and slip” model postulates that a P-site tRNA can move on
the mRNA template to pair with the +1 codon (Huang et al., 2009).  The “out-of-frame pairing”
model does not require the P-site tRNA to slip, but, instead, the extra nucleotide is excluded from
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pairing at the A-site. In either case, weakened nucleotide interactions at the ribosomal P-site and
the zero-frame A-site codon stimulate the binding of a more abundant, or slippage prone, tRNA
in the +1 frame (for a review see Farabaugh 1996a; Buchan and Stansfield 2007). Additionally,
+1 frameshifts may be alleviated by structurally abnormal frameshift suppressing tRNAs (Sroga
et al. 1992).
In  many  cases,  frameshift  mutations  have  a  functional  role,  producing  either  an
alternative form of a protein or serving as an autoregulatory mechanism for the control of gene
expression,  or  both  (Hayashi  et  al.  1996).   For  example,  the  cytoplasmic  expression  of  the
ornithine decarboxylase (ODC) antizyme, which regulates polyamine synthesis in response to
cellular polyamine concentration, is partially controlled through a frameshifting mechanism in a
wide range of organisms, from yeast to mammals (Mangold 2006; Ivanov and Atkins 2007).
Alternatively, there may be no adaptive significance associated with a translational frameshifting
site. Instead, a frameshift may be tolerated if the gene does not require high-level expression
(Farabaugh et al. 2006). In this case, relaxed purifying selection on mitochondrial genomes due
to small effective population sizes and/or the weakening of functional constraint upon OXPHOS
proteins may allow reading frame altering mutations to behave neutrally.  Under this scenario,
frameshift sites should also be occasionally lost through compensatory mutations that restore an
uninterrupted open reading frame (ORF). 
Class Hexactinellida, or glass sponges, is a small group in the phylum Porifera that has
attracted substantial attention from evolutionary biologists due to its controversial phylogenetic
position in the Metazoa, the syncytial nature of most of their adult body tissues, and the fiber
optic properties of their siliceous spicules (Sundar et al. 2003; Leys, Mackie, and Reiswig 2007;
Ehrlich et al. 2010). Like their putative sister group, the Demospongiae (demosponges), glass
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sponges originated early in animal evolution, with stem group fossil body impressions dating
back to the Ediacaran Period of the Neoproterozoic (ca. 635-542 MYA) (Gehling and Rigby
1996). Our previous study (Haen et al. 2007), and a subsequent work (Rosengarten et al. 2008),
revealed the presence of putative translational  frameshift  sites in glass sponge mitochondria.
Here, we investigate the pattern of frameshift site evolution among different lineages of glass
sponges.   Our  results  indicate  single  base  insertions  commonly  occur  in  glass  sponge
mitochondrial  coding  sequences  and  appear  to  be  dynamically  gained  and  lost  from  the
mitochondrial  DNA of  closely  related  taxa,  consistent  with  the  hypothesis  of  no  functional
significance for these sites.
Materials and Methods
Collection of Specimens
Hexactinellid specimens encompassing three orders, Hexactinosida (Schrammen 1903),
Lyssacinosida  (Zittel  1877)  and  Amphidiscosida  (Schrammen 1924),  and  five  families  were
collected by the Harbor Branch Oceanographic Institute, Florida Atlantic University (Ft. Pierce,
FL), using the Johnson-Sea-Link manned-submersible. Additional glass sponges from this study
included  an  Oopsacas  minuta specimen  collected  from  the  Trois  Pépés  cave  at  La  Ciotat
(Marseille, France), Aphrocalliestes beatrix collected from offshore Ireland, and Tabachnikia sp.
collected from the Taney A location in the mid Pacific by  David Clague @ MBARI.  Voucher
numbers, sequence accession numbers, and current taxonomic status of the species used in this
study are summarized in Supplementary Table 1. 
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mtDNA amplification
Small fragments of  mitochondrial rRNA or protein-coding genes were amplified from
total DNA using glass sponge conserved primers (Supplementary Table 2), checked against the
GenBank database to  minimize the possibility of contamination,  and used to design specific
primers.  MtDNA was amplified in several fragments using LA-PCR (Takara) under conditions
described previously (Burger et  al.  2007).  PCR reactions for each species were combined in
equimolar concentration, sheared and barcoded as in Meyer, M., U. Stenzel, and M. Hofreiter
(2008). Barcoded PCR fragments were used for the GS FLX Titanium library preparation (454
Life Sciences). Pyrosequencing was carried out on a Genome Sequencer FLX Instrument (454
Life Sciences) at the Indiana University Center for Genomics and Bioinformatics. The STADEN
package v. 1.6.0 (Staden 1996) was used to assemble the sequences.  Gaps and uncertainties
(mainly  mononucleotide  runs)  in  the  assembly  were filled/resolved by primer-walking using
conventional Sanger sequencing. Sequencing coverage ranged from 10X to 100X for the genes
in question, and heteroplasmy was not detected for any putative frameshift site in this study.
For  the  Tabachnikia  specimen,  paired  100 bp reads  of  the  total  genomic  DNA were
generated with Illumina sequencing by synthesis chemistry. MtDNA sequence was assembled
directly  from  these  reads.  Illumina  (Solexa)  sequencing  was  conducted  at  the  Iowa  State
University DNA Facility on an Illumina HiSeq 2000. Illumina sequences were assembled with
ABySS (Simpson et al., 2009).
Amplification of individual genes. 
Amino acid alignments of several glass sponge, demosponge, and cnidarian sequences
were surveyed for protein motifs that could be used to make hexactinellid-specific conserved
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primers  for  direct  PCR  amplification.   For  the  amplification  of  the  nad5-nad1-cob-nad4
fragment  from  Hyalonematidae sp.,  conserved  regions  of  nad5 and  nad4 were  reverse
transcribed  from  TRiZol  extracted  RNA  using  the  iScript  Select  cDNA  amplification  kit
(BioRad),  and used for second strand synthesis with conserved primers and iTaq polymerase
(BioRad). The resulting sequences for nad5 and nad4 were used to construct specific primers for
the  LA-PCR amplification  of  Trizol  extracted  DNA and  the  initial  sequencing  of  the  5  kb
fragment. Primer walking was used to fill in missing sequence gaps.
Verification of base insertions in mRNA
Total  RNA  extraction  was  performed  from  RNALater  (Ambion)  preserved  tissues
according to the manufacturer’s instructions.  To verify the transcription of the single nucleotide
insertions,  we  conducted  reverse  transcription  of  Hertwigia  falcifera  nad2,  Aphrocallistes
beatrix cox3 (from the PorTol specimen not used for complete mt-genome sequencing, see Table
1), and Aphrocallistes vastus cox3, using the Bio-Rad iScript cDNA Synthesis Kit. Second strand
cDNA products  were  sequenced  by  the  Sanger  method  at  the  Iowa  State  University  DNA
Facility. Because  it  is  possible  that  the  base  insertions  detected  previously  could  have  been
specific to individual specimens, we PCR amplified the cob and nad2 genes from two specimens
of Aphrocallistes beatrix: one obtained from Rockall Bank, Ireland and the other obtained from
Reed Peak, Straits of Florida, USA.
Genome Annotation and Phylogenetic Inference
Protein coding genes for complete mt-genome data were annotated manually based on
sequence similarity with known genes. tRNA genes were annotated by tRNA Scan SE (Lowe and
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Eddy 1997) or ARWEN (Laslett and Canback 2008). ClustalW (Larkin et al., 2007) alignments
were  primarily  used  to  determine  potential  frameshifting  sites.  Phylogenetic  analyses  were
conducted in MEGA5 (Tamura et al., 2011) using the Maximum Likelihood approach and the
mtREV+F+G+I model of amino acid substitutions (Adachi & Hasegawa, 1996). Initial tree(s) for
the heuristic search were obtained automatically as follows. When the number of common sites
was < 100 or less than one fourth of the total number of sites, the maximum parsimony method
was used; otherwise BIONJ method with MCL distance matrix was used. The analysis involved
sequences from 24 species and the final dataset was 3187 positions in length. 
Estimation of synonymous and non-synonymous substitution rates
In order to perform analysis of non-synonymous versus synonymous substitution rates
(dN/dS) in glass sponges, we constructed a codon alignment using the amino acid alignment as a
guide for alignment of nucleotide sequences with frameshift insertions removed. We excluded
Farrea sp and  Psilocalyx wilsoni from this alignment because they were each represented by
only a single gene sequence.   The tree used in the dN/dS analysis was obtained by pruning
species from the maximum likelihood tree presented in Sup. Fig. 1.  We reconstructed the joint
posterior  distribution of  dN/dS and divergence times using a  modifed version of  coevol  1.3
(Lartillot and Poujol 2010) that incorporates the glass sponge genetic code (NCBI Translation
Table 5, ATA=I). The molecular clock for this analysis was calibrated at five nodes of the glass
sponge tree that  have fossil  evidence:  the appearance of hexasters at   380 MYA for Order
Hexasterophora  (Rigby  et  al.  2001);  the  appearance  of  sceptrules   237  MYA for  clade
Sceptrulophora  (Krainer  and  Mostler  1992);   83.5  MYA  for  family  Aphrocallistidae
(Schrammen 1912); and,  89.3 MYA for family Rossellidae (Bruckner and Janussen 2005); the
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prior age of the root (the appearance of crown-group Hexactinellida) was calibrated at   480
MYA with a standard deviation of 50 (Mostler 1986). We also used coevol to estimate mean
dN/dS in the mt-DNA of Homoscleromorpha and Demospongiae using nearly complete 10,812
and 10,986 nucleotide datasets and trees from (Lavrov et al.  2008) and (Gazave et al.  2010)
respectively.  No  time-scale  calibrations  were  used  in  the  demosponge  or  homoscleromorph
analyses.  In each analysis, dN/dS was sampled from two chains of 20,000 generations using the
dsom model, and estimates were made after a burn-in of 10,000 generations.
Analysis of frameshift insertion rates
We modeled frameshift insertions as a homogeneous birth death process on a binary state
space, where GGA codon sites with a frameshift insertion immediately upstream were labeled
“1” and all other GGA sites were labeled “0”.  Non-GGA codon sites were excluded, resulting in
an alignment of 233 binary characters. The birth rate λ corresponds to the relative rate of 0 → 1
transitions, representing a frameshift insertion, and the death rate  μ  corresponds to the relative
rate of 1 → 0 transitions, representing the removal of a frameshift insertion. For the specification
of priors, we chose an alternative parameterization using the stationary frequency of frameshift
insertions π1 = λ/(λ + μ) and the overall rate of frameshift substitutions ρ = λ + μ, so that λ = ρπ1
and μ = ρ(1  -  π1).  Using a  modified  version  of  coevol  (available  upon request),  we jointly
estimated divergence times, dN/dS, ρ and π1 in a Bayesian augmented likelihood framework with
Markov Chain Monte Carlo, combining information from the codon sequence alignment and the
alignment  of  binary  characters.   We assumed  a  Beta(1,1)  prior  distribution  for   π1,  and  a
truncated log-uniform prior distribution from 0 to 100 for ρ.  Parameters were sampled from their
joint posterior distribution in two chains of 80,000 generations, and estimates were made after a
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burn-in of 20,000 generations using the posterior median. The tree and time-scale calibrations
were as in the separate dN/dS analysis.
Results and Discussion
Mitochondrial genomes of glass sponges
We determined complete mitochondrial genome sequences of the rosellid glass sponge
Vazella pourtalesi and the pheronematid Tabachnickia sp. (formerly Platella) (Özdikmen 2010),
nearly complete sequences (missing some tRNAs and/or a protein gene adjacent to the control
region) of Oopsacas minuta,  Hertwigia falcifera, and one unidentified Rossellidae species, and
partial  sequences  of  Aphrocallistes  beatrix,  Euretidae  n.  gen.  n.  sp.,  and  one  unidentified
Hyalonematidae  species  (Fig.  2).   Additionally,  we  obtained  partial  sequences  of  four
mitochondrial genes:  cox1, cox3, nad2 and nad5 from  Regadrella sp. We analyzed these data
with  three  previously  published  glass  sponge  mitochondrial  genomes:  Iphiteon  panicea and
Sympagella nux from Haen et al. (2007),  Aphrocallistes vastus from Rosengarten et al. (2008),
and cox1 sequences from a Farrea sp. and Psilocalyx wilsoni (Dohrmann et al. 2012) (Table 1).
This range of sampling includes species from two subclasses, three orders, and nine families of
Hexactinellida. With the exception of the Hyalonematid species sequence, from which only five
protein coding and eight tRNAs were sequenced, the hexactinellid mt genome sequences used
for this  study ranged from 13.6 to 20.3 kbp, contained 10-13 protein coding genes, 2 rRNA
genes, and 10–22 tRNA genes (Fig. 2). Most of the variation in the genomes appears to be due to
missing sequencing data,  primarily due to the multiple difficulties of PCR amplification and
sequencing across the putative control region (see Haen 2007 for more details).   Gene orders
were similar  among all  glass  sponge mt-genomes,  with most gene rearrangements involving
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tRNA genes. The average AT content for the protein-coding genes used in this study was 68% (
= 3.9) with average AT and GC skews of 0.21 ( = 0.09) and -0.34 ( = 0.13), respectively. The
GC skew was especially pronounced at 3rd codon positions (-0.75,  = .12).
Occurrence of +1 frameshift mutations in the mitochondrial coding sequences of glass sponges
Analysis of hexactinellid mitochondrial coding sequences has uncovered a total of 14
single  nucleotide  insertions  that  appear  to  be  frameshift  mutations.  These  included  three
independent insertions in cox1 (Iphiteon panacea, Psilocayx wilsoni, and a Farrea species); two
insertions  in  nad2 (at  one  position  in  Iphiteon  panicea and  at  another  in Sympagella  nux,
Hertwigia falcifera, a  Regadrella and Euretidae n. gen. n. sp.); three insertions at two distinct
sites in cox3 from two members of the family Aphrocallistidae; distinct insertions in cob genes
of  Aphrocallistes  beatrix  and  Tabachnikia  sp.;  and,  finally,  a  single  insertion  in  nad6 of
Aphrocallistes vastus (Table 1). The insertion sites for I. panicea, S. nux and A. vastus have been
reported in previous studies (Haen et al. 2007; Rosengarten et al. 2008) and are verified here.
Failure to complete translational frameshifting in these genes either resulted in long stretches of
protein that have no sequence similarity to other mitochondrial proteins or, more commonly, in
severely truncated proteins.  In all of these instances a +1 frameshift at the target site would
result in a protein that is well-conserved in size and sequence compared to its homologues from
other organisms (Fig. 3a,b).  
In support of the functional maintenance of genes determined to harbor extra nucleotides,
we  analyzed  nucleotide  compositional  skews  at  each  of  the  codon  positions  in  genes  with
inferred translational frameshifting (Fig. 3c).  Mitochondrial genes are known to have a distinct
pattern of nucleotide usage at each codon position (eg. Castellana et al., 2011) and changes in
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this pattern would be expected if a single nucleotide insertion shifted the reading frame and/or
created  a  pseudogene.  Indeed,  we found that  the pattern of  nucleotide usage changes  at  the
inferred sites  of  translational  frameshifting,  but  the  manual  correction of  frameshifted  genes
restored the GC skew at third codon positions to within normal parameters. As an example, the
average third codon position GC skew of the uncorrected nad2 that contained an extra base at
nucleotide position 187 was -0.34 ( = 0.13) (the same as the overall GC-skew measurement for
coding sequences), but when the insertion of the extra nucleotide was manually corrected the
strongly negative GC skew found at 3rd codon positions was re-established to -0.79 ( = 0.08)
consistent with the GC skews in other genes in this species.
Absence of heteroplasmy and mRNA verification of extra nucleotides
Although heteroplasmy was never detected at any of the putative frameshift sites by any
method of sequencing (see methods), we rigorously tested for the possibility that the amplified
regions are posttranscriptionally edited or may be a pseudogene (nuclear mitochondrial DNA, a
“numt”) (Erpenbeck et al. 2011). We analyzed cDNA sequences of the cox3 and nad2 genes from
Aphrocallistes vastus, Aphrocallites beatrix and Hertwigia falcifera and confirmed the presence
of  the  extra  nucleotide  in  mRNA.   Additionally,  we  were  able  to  secure  samples  of
Aphrocallistes beatrix from two geographical regions and found no polymorphism at the location
of extra nucleotides when PCR amplifying and sequencing putative frameshift sites.
Putative mechanism for frameshifting
With the exception of the site found in the  cob gene of  Tabachnikia,  all  the putative
frameshift sites in hexactinellid protein genes share common features that generally conform to
46
the out-of-frame-pairing model of +1 programmed translational frameshifting (Fig. 1). In this
model, 1) a peptidyl-tRNA in the ribosomal P site forms a weakened interaction with the mRNA;
2) slow recognition, or non-recognition, of the next in-frame codon causes a translational pause;
and, 3) exact Watson-Crick pairing by a canonical aminoacyl-tRNA at the first +1 frame codon
causes a shift in the reading frame.  Comparisons among homologous hexactinellid sequences
indicate a high degree of sequence conservation for the glycine codon GGA at sites of potential
frameshifts (in-frame GGA codons in glass sponges without frameshifting and +1 shifted GGA
triplets at frameshifting sites).  In the case of frameshift sites, these +1 shifted GGA codons are
preceded by a T or C nucleotide (the latter in Hertwigia falcifera only), creating in-frame TGG
or CGG codons. Aside from their presence at frameshift sites, TGG and CGG are two of the least
used codons in hexactinellid mitochondrial proteomes, with TGG occurrence ranging from 0 (in
A. beatrix, A. vastus, H. falcifera, O. minuta, I. panicea, and Euretidae n. gen. n. sp.), to 4 times
(V. pourtalesi and the Rossellidae sp.), and CGG use being restricted to a single time in the H.
falcifera mt-genome and twice in Tabachnikia sp. (Sup. Fig. 2).  When the TGG codon is used at
a non-frameshift site (a total of 11 occurrences among V. pourtalesi, Rossellidae sp., and S. nux),
these  codons  are  always  followed by a  codon starting  with  G.   Thus,  in  these  instances,  a
potential +1 frameshift would move the ribosome to the glycine GGG codon, which is another
rarely  used  codon  for  which  no  cognate  tRNA  that  would  form  a  perfect  Watson-Crick
anticodon-codon  pairing  is  present.  According  to  the  out-  of-frame  pairing  model,  no
frameshifting would occur under these circumstances.
An extra cytosine nucleotide at position 554 in the  cob gene of  Tabachnikia sp. is the
only nucleotide insertion we identified that does not appear to conform to the model discussed
above. The region containing this extra nucleotide has been sequenced with high coverage and
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no heteroplasmy was found in individual sequencing reads, eliminating the possibility of the
sequencing error.  We surveyed the region for rare codons and checked Tabachnikia mt-tRNAs
for  structural  abnormalities  (see  below),  but  we  were  unable  to  identify  any  characteristic
features associated with other frameshifting sites in glass sponge mitochondria. Given the distant
relationship between this sponge and the others, it is entirely possible that a different mechanism
is used to skip the extra nucleotide in  Tabachnikia  mitochondria.  However, since we did not
verify that this extra nucleotide is present in the mature RNA transcript, the possibility remains
that this nucleotide is post-transcriptionally edited.
tRNA complement of mt-genomes
Frameshift mutations can be alleviated by tRNAs with specific modifications that allow
programmed translational frameshifting, either by themselves (Bossi and Smith 1984; Bossi and
Smith  1984;  Curran  and  Yarus  1987),  or  in  combination  with  other  frameshift  suppressing
mechanisms.  In cases where suppressor tRNAs are important, the phylogenetic distribution of
tRNA isoacceptors, either with a particular wobble anticodon or another distinguishing feature
that  destabilizes  the  P-site  pairing  interaction,  will  mirror  the  phylogeny  of  frameshift  sites
(Farabaugh et al. 2006).  Nucleotide changes associated with unconventional decoding can occur
in the anticodon loop as well as the acceptor stem, and alterations in one or the other have been
noted to be enough to cause frameshift suppression in the yeast model system (Huttenhofer et al.
1990).  Thus we investigated the structures of the glycine tRNA in glass sponges, the tRNA that
would translate the C/TGGA sequence, resulting in +1 translational frameshifting (Sup. Fig. 3).
In the case of the  I. panicea genome, we found the glycine tRNA has a mismatch at the most
distal base pair in the anticodon stem, creating a 9 nucleotide anticodon loop, which could allow
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the pairing of a  4  basepair  anticodon,  fully  complimentary to  the UGG-A frameshifting site
(Bossi and Smith 1984; Curran and Yarus 1987). Other studies of frameshifting in animal mt-
DNA  have  also  found  tRNAs  capable  of  forming  a  frameshift-suppressing  anticodon
(Beckenbach,  Robson,  and Crozier  2005).  However, because animal  mt-tRNA structures  are
highly derived,  it  is  exceedingly difficult  to attribute  structural  changes to  functionality, For
instance,  the  28:42  mismatch  found  in  this  study  is  a  common  mutation  found  in  other
hexactinellid mt-tRNAs. Further, is not surprising that frameshift suppressing tRNAs would not
be extremely unusual because they must retain the ability to translate non-frameshifting codons
for their respective amino acid.
Evolution of translational frameshift sites in hexactinellid coding sequences
Unlike other frameshift mutations, which would likely lead to a non-functional protein,
insertions upstream of GGA codons appear to be tolerated in glass sponge coding sequences
when GGA is preceded by a pyrimidine.  Such insertions result in a rare in-frame C/TGG codon
overlapping  with  a  common  +1  GGA  codon,  the  sequence  conductive  for  translational
frameshifting.   Based on this reasoning one would expect that 1) frameshift sites evolve at or
upstream of pre-exisiting GGA codons; 2) their occurrence may correlate with the frequency of
GGA codons  in  coding  sequences.   Indeed,  our  analysis  of  homologous  sequences  across
sampled  species  indicates  that  frameshifts  occur  either  immediately  or  a  few  nucleotides
upstream from a conserved GGA triplet.  Furthermore, we found a positive correlation  (R=.73,
p=.04) between the number of frameshifts in mt-genomes (0-3) and the number of GGA codons
in the coding sequences, suggesting the frequency of frameshifts is a function of background
nucleotide composition, and has no adaptive significance.  This would imply a random gain and
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loss of frameshift sites during the course of evolution in hexactinellid protein coding genes may
be described by a stochastic birth death model.
Although  the  scenario  described  above  presents  a  potential  model  for  the  origin  of
frameshifting sites, it  does not explain their frequent presence in glass sponges comparing to
other animals.   The latter, in our view can be explained by the biology of glass sponges, in
particular their exceptional low-oxygen environment and metabolism (Dayton 1979; Yahel et al.
2007). A very low metabolic rate may lead to relaxed selection pressure on mitochondrial coding
sequences  and  allow  the  accumulation  of  slightly  deleterious  mutations,  which  reduce  the
efficiency of OXPHOS proteins and mitochondrial gene expression (Martin & Palumbi 1993,
Rand 1994), including non-synonymous nucleotide substitutions as well as frameshift insertions. 
Evidence of relaxed selection pressure in glass sponges
Indeed, we found that the long-term proportion of non-synonymous versus synonymous
substitutions (dN/dS) was higher in glass sponge mt-DNA (0.15-0.18, 95% HPD, Sup. Fig. 4)
than in  either  demosponges  (0.073-0.082) or homoscleromorphs (0.067-0.078),  and was also
much  higher  than  some of  the  highest  values  reported  for  mammalian  mitochondrial  genes
(Castellana et al. 2011).  Despite the clear separation of glass sponge dN/dS values from other
sponges,  when estimated  across  such long time scales,  there  is  reasons to  suspect  saturated
synonymous substitution rate estimates may be causing a bias in our estimates of dN/dS.  Moving
into the past, estimates of dS saturate more quickly than dN, and as a result, estimates of dN/dS at
older times will be biased upward.  Though the direction of this bias should be the same in
different groups of animals, the magnitude of the bias is difficult to determine.  In fact, when we
reconstructed the posterior distribution of dN/dS at internal nodes of the Hexactinellid tree, we
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found a significant increasing trend in dN/dS with increasing node depth (posterior probability =
0.99, Sup. Fig. 5). 
For this reason, we also estimated the relative rates of radical vs conservative amino acid
substitutions  (Kr/Kc),  which  is  more  resistant  to  saturation.  We  measured  Kr/Kc among
demosponges,  glass  sponges  and homoscleromorphs for  three  different  definitions  of  radical
amino acid changes that are implemented in coevol: those that change the charge of a residue,
those that change the polarity, or those that change the size of the amino acid from either small or
large (see Nabholz et al. 2013).  We found that  Kr/Kc values were broadly similar among all
groups of sponges, though posterior median  Kr/Kc values were higher in glass sponges for all
definitions of radical changes (Fig. 4).  For radical amino acid changes defined based upon the
charge of amino acids, Kr/Kc was significantly higher in glass sponges than other sponges (<1%
credible interval overlap).  Thus, we have additional evidence that selection pressures are more
relaxed in glass sponge mt-DNA than that of other sponges, which generally live in shallower
more oxygenated waters.
With respect to these findings, growth rate is generally inversely associated with body
size in glass sponges  (Dayton 1979). Thus, we hypothesized larger species should be able to
tolerate more frameshifts in their mt-genomes. Indeed, holotype body length measurements are
positively  correlated  with  frameshift  abundance  (r=0.94,  p=0.005),  although  holotype  body
length data is scant for glass sponges with sequenced mt-genomes (N=6; Sup. Fig. 7).
Phylogenetic distribution of frameshifting sites and estimation of insertion rates
In  order  to  investigate  the  evolutionary  history  of  the  occurrence  of  translational
frameshifting in hexactinellid genes, we conducted a phylogenetic analysis of sampled species
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based upon available mitochondrial genomic data, and reconstructed divergence times within
Hexactinellida  by  combining  fossil  calibrations  from  the  paleontological  literature  with
molecular estimates of synonymous and non-synonymous substitution rates (Fig. 5, Sup. Fig. 1).
Class Hexactinellida is divided into two subclasses, containing six recent orders. The current
study includes species from the two subclasses, three orders and nine families of Hexactinellida.
This range of sampling allowed us to investigate some of the most ancient as well as more recent
divergences within the hexactinellid crown group (the extant and extinct lineages dating to the
most common ancestor of the Hexactinellida).
One of the most interesting features revealed by our phylogenetic analysis is the apparent
lack of conservation of most frameshift  mutation sites,  both in space and time, despite their
common occurrence in sampled genomes (Fig. 5). For example, in the genus Aphrocallistes, two
sampled species separated in evolutionary time by approximately 100 MY share one frameshift
site (in cox3) in common but differ in the presence/absence of two additional sites (one in cox3
and one in cob), which appear to have been either acquired in A. beatrix or lost in A. vastus. It is
unknown whether the nad6 site in A. vastus is conserved between the two sponges because this
gene  was  not  amplified  from the  A.  beatrix mt-genome  sequence.   There  are  also  several
independently acquired frameshifting sites found in the cox1 and nad2 genes of I. panicea, and
in cox1 of Psilocalyx wilsoni and a Farrea species. 
The only frameshift in common between representatives of any two hexactinellid orders
(Orders Lyssacinosida and Hexactinosida) is at a 5-prime-end site in the nad2 gene (nucleotide
position 187). This frameshift site, present in Euretidae n. gen. n. sp., S. nux,  H. falcifera,  and
Regadrella sp. is also the most commonly found frameshift among hexactinellid protein coding
genes,  yet its  evolutionary history is  not  immediately clear. If  the common ancestor  of both
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groups possessed the insertion, it would have persisted for more than 400 MY in some lineages,
but would have been lost at least four times among the sampled taxa. If the common ancestor did
not have this frameshift mutation, the site would have been acquired independently at least four
times throughout hexactinellid evolution.
Assessment of the likelihood of either scenario requires estimation of the relative rates of
gain and loss of frameshift sites.  If we assume that frameshift insertions and deletions occur
according to a time-homogenous birth death process and that the rate of frameshift insertions at
non-GGN codon sites is negligible (in accordance with our proposed mechanism for the origin of
frameshifting sites), then the frequency of GGN codon sites with frameshifts provides a rough
estimate of the stationary frequency of frameshift insertions (π1), and also of the relative rates of
frameshift insertions λ and deletions μ via  π1/(1-π1) =  λ/μ.  Out of the 1717 GGN codons present
in our dataset, 13 have frameshifts, giving λ/μ ≈ 7.6e-3.  Thus, our data would suggest the rate of
gain  of  frameshift  insertions  is  orders  of  magnitude  lower  than  the  rate  at  which  they  are
removed, and therefore that multiple independent gains of a frameshift  insertion in  nad2  are
highly unlikely.
How, then,  can  the occurence  of  the frameshift  insertion in  nad2 in  distantly  related
lineages be explained?  The total rate of frameshift substitutions ρ = λ + μ must be very small.
Indeed,  when we estimated frameshift  substitution rates directly using Markov Chain Monte
Carlo simulations, we obtained ρ ≈ 8.8e-3. Combined with our simulation estimate of π1 ≈ 5.9e-
3,  this  yields  a  frameshift  removal  rate  of  μ  =  ρ(1-π1)  ≈ 8.7e-3  per  site  per  million  years
(calibrated using our estimate of 514 million years for the age of crown-group Hexactinellida).
In other words, once a frameshift appears at a particular codon site, we estimated the average
time until it is removed is roughly 1/μ ≈ 114 million years, and about 5% of removal times will
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be greater than 350 million years.  Thus, our results suggest frameshift insertions can and do
persist in glass sponge mitochondrial DNA for hundreds of millions of years, though the ancient
divergences within Hexactinellida have led to a mixed pattern of frameshift conservation.
Phylogenetic distribution of frameshifting sites in Metazoa
In  addition  to  glass  sponges,  putative  frameshift  mutations  in  mitochondrial  protein-
coding genes have been reported in several phyla of bilaterian animals: Mollusca (in Crassostrea
virginica), Arthropoda (class Insecta), and Chordata (class Aves, class Reptilia, class Mammalia)
(reviewed in Russell and Beckenbach 2008; Temperley et al. 2010). Some of the frameshift sites,
such as the ND-174 site of  nad3 of some birds and turtles (Mindell, Sorenson, and Dimcheff
1998; Russell  and Beckenbach 2008), are remarkably conserved.  By contrast,  an alternative
nad3 shift site in the African helmeted turtle (Zardoya and Meyer 1998), and frameshift sites in
nad4 and nad4L of other turtles appear to not be conserved, at least among the sampled species.
Finally, a single frameshift  mutation has been reported in the phylum Mollusca.  Overall,  we
suggest  the data amassed in current studies of mitochondrial frameshifting in animals warrants
the reanalysis of metazoan mitochondrial protein coding genes with single nucleotide insertions,
particularly in cases where these insertions exist in regions with strongly biased codon usage that
may indicate +1 programmed translational frameshifting.
Parallel evolution of frameshift mechanisms in Hexactinellida and Bilateria
Translational frameshifting is a complex and unusual feature of animal mitochondrial
genomes,  having been found only in  the Hexactinellida and Bilateria,  but  not  in  their  sister
groups,  Demospongiae  and  Cnidaria,  respectively.   Our  previous  study  (Haen  et  al.  2007)
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reported several  other  mitochondrial  genomic  features  that  appeared  to  evolve in  parallel  in
Hexactinellida and Bilateria, including strand specific nucleotide composition, changes in the
genetic  code,  the  secondary  structure  of  encoded  RNA  molecules,  and  overall  genome
organization. Some  of  these  changes  may  predispose  the  two  groups  to  the  evolution  of  a
translational frameshifting strategy.  In particular, the positive AT-skew and the negative GC-
skew of the coding strand may result in the loss of UGG codons, while more derived tRNA
structures may facilitate translational frameshifting according to the out-of-frame pairing model.
By contrast, opposite nucleotide skews and the higher fidelity interactions of standard clover leaf
tRNAs  found  in  demosponges  and  cnidarians  with  mRNAs  and/or  ribosomes  may  be  less
conducive  to  changes  in  reading frame,  preventing  the  fixation  of  frame-altering  insertional
mutations. 
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Figure 1. Ribosomal bypass at hexactinellid frameshifting sites. The tRNA in the P-site is a
D-loop  truncated  seryl  mt-tRNA.   According  to  the  out-of-frame  pairing  model,  ribosomes
become stalled at the UGG hungry codon. Competition between the non-standard base pairing
tRNA for  tryptophan  and  a  standard  base  pairing  mt-tRNA for  glycine  putatively  dictates
whether the extra uracil in the UGGA frameshift site will be bypassed, restoring the reading
frame of the coding sequence. Alternatively, the tryptophan tRNA may have structural problems
that prohibit it from binding at the ribosome.
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Figure 2. Mitochondrial gene arrangements in glass sponges.  Protein and rRNA genes (larger
boxes) are: atp 6, 9 (subunits 6, and 9 of the F0 ATPase); cox1-3 (cytochrome c oxidase subunits
1-3); nad1-6, nad4L (NADH dehydrogenase subunits 1-6 and 4L); rns and rnl (small and large
subunit rRNAs). tRNA genes (smaller boxes) are abbreviated using the one-letter amino acid
code.  Gray boxes indicate unsequenced regions.
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Figure 3.  Effect of frameshift sites on inferred amino acid sequences. Alignment of inferred
amino acid sequences for cox1 without (A) and with (B) manual correction of the frameshift in
the  I  panicea  sequence.  (C)  Abnormal  nucleotide  composition  of  coding  sequences  with
uncorrected frameshifts. Nucleotide skews at 1st, 2nd and 3rd codon positions in uncorrected and
corrected nad2 sequences for species with a 5’ terminal frameshift (Euretidae sp., H. falcifera,
Regadrella sp. and S. nux). For comparison, corresponding skews are shown for species with no
inferred translational frameshift in nad2 (O. minuta, A. beatrix, A. vastus, Rossellidae sp. and V.
pourtalesi).
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Figure 4.  Ratios of radical vs. conservative amino acid replacement rates in three groups of
sponges.   Boxplots represent posterior distribution estimates, with whiskers extending to the
95%  upper  and  lower  highest  posterior  density  credible  interval.   Radical  amino  acid
replacements were defined with respect to whether they change the volume (large amino acids:
L, I, F, M, Y, W, H, K, R, E, and Q), polarity (polar amino acids: Y, W, H, K, R, E, Q, T, D, N, S,
and C), or charge (positively charged amino acid: H, K, R; negatively charged amino acids: D, E
and neutrally charged amino acids: A, N, C, Q, G, I, L, M, F, P, S, T, W, Y, and V) of an amino
acid.
Figure 5. Timing of the crown group hexactinellid radiation based on the analysis of fossil-calibrated nucleotide substitution
rates. The scale at the bottom indicates time in millions of years ago (MYA). Taxonomic groups are listed to the far right. The center
columns indicate unique frameshifting sites that were found in at least one species. Empty circles indicate that a frame- shift was not
found at that site in that species, and a filled circle indicates that a frameshift was confirmed at that site. Circles that are absent
represent missing sequence data. See Sup. Table 1 for gene data available for each species.
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Table 1. For nearly complete mitochondrial genome data, protein-coding genes used in the current analyses are indicated, with the 
implication that all 13 protein-coding genes typically found in the mt genomes of sponges, with the exception of atp8 (atp6, 9 
(subunits 6, 8 and 9 of the F0 ATPase); cox1-3 (cytochrome c oxidase subunits 1-3); nad1-6, nad4L (NADH dehydrogenase 
subunits 1-6 and 4L)) should be present.
Specimen Taxonomic 
Subclass
Taxonomic Order
Taxonomic 
Family
Voucher 
Number or 
Previous 
Publication
Data Type Putative 
Signal 
Sequence
Gene Name & 
Nucleotide Position
of Frameshift 
Sequence
Hertwigia 
falcifera
Hexasterophora
Lyssacinosida
Euplectellidae 30-VIII-02-2-
003
Missing atp9, nad6  CGGA nad2, 187 
Regadrella sp. Hexasterophora
Lyssacinosida
Euplectellidae 8-VIII-09-2 cox1, cox3, nad2, nad4  TGGA nad2, 187 
Oopsacas minuta Hexasterophora
Lyssacinosida
Leucopsacidae Unknown Missing nad6 NA none
Sympagella nux Hexasterophora
Lyssacinosida
Rossellidae Haen et al. 
2007
Missing nad6  TGGA nad2, 187 
Vazella pourtalesi Hexasterophora
Lyssacinosida
Rossellidae 26-V-04-2-
001
Complete NA none
Rossellidae sp. Hexasterophora
Lyssacinosida
Rossellidae 16-VIII-05-1-
003
Missing nad6 NA none
Iphiteon panicea Hexasterophora
Lyssacinosida
Dactylocalycidae Haen et al. 
2007
Complete TGGA cox1, 673; 
nad2, 1003
Euretidae n. gen. 
n. sp.
Hexasterophora
Hexactinosida
Euretidae 16-XI-02-1-
001
Missing nad3, atp9, 
nad5, nad6
 TGGA nad2, 187 
Farrea sp. Hexasterophora
Hexactinosida
Farreidae Dohrmann et 
al. 2012
cox1 TGGA cox1, 249 
Aphrocallistes 
beatrix
Hexasterophora
Hexactinosida
Aphrocallistidae Unknown and
8-VIII-09-1
Missing nad6, atp9, 
nad3
 TGGA cox3, 418 and 458
cob, 112 
Aphrocallistes 
vastus
Hexasterophora
Hexactinosida
Aphrocallistidae Rosengarten 
et al. 2008
Complete  TGGA cox3, 418; 
nad6, 172 
Psilocalyx wilsoni Hexasterophora
Hexactinosida
Tretodictyidae Dohrmann et 
al. 2012
cox1  TGGA cox1, 393 
Hyalonematidae 
sp.
Amphidiscophora
Amphidiscosida
Hyalonematidae 29-V-06-1-
005
cox1, nad1, cob, nad4, 
nad5
NA none
Tabachnickia 
nom. nov.
Amphidiscophora
Amphidiscosida
Hyalonematidae D174-A32 Complete unknown cob, 554 (C)
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CHAPTER 4.  EXTREME MITOCHONDRIAL EVOLUTION IN THE CTENOPHORE
MNEMIOPSIS LEIDYI: INSIGHTS FROM MTDNA AND THE NUCLEAR GENOME
A paper published in Mitochondrial DNA
Walker Pett, Joseph F. Ryan, Kevin Pang, James C. Mullikin, Mark Q. Martindale, Andreas D
Baxevanis, and Dennis V. Lavrov
Abstract
Recent  advances  in  sequencing  technology  have  led  to  a  rapid  accumulation  of
mitochondrial  DNA (mtDNA) sequences,  which now represent  the wide spectrum of animal
diversity.  However,  one  animal  phylum  –  Ctenophora  –  has,  to  date,  remained  completely
unsampled. Ctenophores, a small group of marine animals, are of interest due to their unusual
biology,  controversial  phylogenetic  position,  and  devastating  impact  as  an  invasive  species.
Using  data  from the  Mnemiopsis  leidyi genome sequencing  project,  we  PCR amplified  and
analyzed its complete mitochondrial  (mt-) genome. At just  over 10kb, the mt-genome of  M.
leidyi is the smallest animal mtDNA ever reported and is among the most derived. It has lost at
least 25 genes, including atp6 and all tRNA genes. We show that atp6 has been relocated to the
nuclear genome and has acquired introns and a mitochondrial targeting presequence, while tRNA
genes have been genuinely lost, along with nuclear-encoded mt-aminoacyl tRNA synthetases.
The mt-genome of  M. leidyi also displays extremely high rates of sequence evolution, which
likely led to the degeneration of both protein and rRNA genes.  In particular, encoded rRNA
molecules possess little similarity with their homologues in other organisms and have highly
reduced secondary structures. At the same time, nuclear encoded mt-ribosomal proteins have
undergone expansions,  probably  to  compensate  for  the reductions  in  mt-rRNA. The unusual
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features identified in M. leidyi mtDNA make this organism an interesting system for the study of
various aspects of mitochondrial biology, particularly protein and tRNA import and mt-ribosome
structures, and add to its value as an emerging model species. Furthermore, the fast-evolving M.
leidyi mtDNA should  be  a  convenient  molecular  marker  for  species-  and  population-level
studies.
Introduction
Animal  mitochondrial  DNA is  a  small  molecule  that  has  been  used  extensively  in
population genetic, phylogenetic, and biogeographic studies (Avise, 2004). Although originally
considered  remarkably  uniform,  recent  sampling  has  uncovered  substantial  diversity  in  the
organization  of  animal  mitochondrial  genomes  (Lavrov,  2011).  In  particular,  each  sampled
phylum  of  non-bilaterian  animals  (e.g.,  Cnidaria,  Placozoa,  Porifera)  and  even  most  major
lineages within them (e.g., demosponges vs. glass sponges) have revealed distinct modes and
tempos of mitochondrial genome evolution (Kayal and Lavrov, 2008; Haen et al., 2007; Wang
and Lavrov, 2008; Signorovitch  et al., 2007). Substantial variation has been found in the gene
content, rates of sequence evolution, structures of encoded rRNA and tRNA, genetic code used
in mitochondrial translation, presence or absence of introns, and percentage of non-coding DNA
(reviewed  in  Lavrov,  2011).  To  date,  complete  mitochondrial  genome sequences  have  been
generated for more than 2,000 animals, representing the wide spectrum of metazoan diversity
and partial  mtDNA sequences  (such as  cox1 barcodes)  are  available  for  thousands  of  other
species  (Ratnasingham  and  Hebert,  2007).  Despite  this  remarkable  collection  of  mtDNA
sequences from a multitude of species, one glaring omission remains: no genuine mitochondrial
sequence has been reported to date for the phylum Ctenophora.
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Ctenophores are a  small,  well-defined phylum of mostly pelagic,  carnivorous,  marine
animals with a simple body plan and uncertain phylogenetic affinity to other Metazoa (Harbison,
1985). They are characterized by biradial symmetry, an oral-aboral axis delimited by a mouth
and an apical  sensory organ, a locomotor  system made of eight  rows of laterally  reinforced
macrocilia  or  comb plates,  and,  in  most  species,  a  pair  of  retractable  tentacles  that  contain
specialized adhesive cells called colloblasts (Hernandez-Nicaise, 1991). All ctenophores have a
well-developed  gastrovascular  system that  functions  in  digestion,  circulation,  excretion,  and
reproduction. The rest of the body volume consists primarily of a poorly differentiated gelatinous
mesogloea containing several cell types, including muscle cells and neurons (Hernandez-Nicaise,
1991). Most ctenophores are extremely fragile and difficult to culture and, as such, we know
relatively little about their biology (Pang and Martindale, 2008b).
The lack of mtDNA data from the phylum Ctenophora is unfortunate for several reasons.
From an evolutionary perspective, ctenophore lineage diverged from other animals very early in
metazoan evolution. Fossils with ctenophore-like morphology have been reported from the early
Cambrian  period  (~540  MYA)  (Chen  et  al.,  2007)  and  some  intriguing  morphological
connections  were  suggested  for  Ctenophora  and  Ediacaran  taxa  (Dzik,  2002).  Because
ctenophores evolved independently from the rest of Metazoa for hundreds of millions of years,
they may have retained some revealing mitochondrial features from their common ancestor with
other animals or evolved some unique features not present anywhere else in the animal kingdom.
As an aside, the popular idea that, as an early branching lineage, ctenophores should display
mostly ancestral traits is incorrect (c.f., Crisp and Cook, 2005).
From  a  phylogenetic  perspective,  the  mitochondrial  data  may  help  to  elucidate  the
phylogenetic  position  of  Ctenophora,  which  is  still  hotly  debated,  as  well  as  improve  our
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understanding of the relationship within this  phylum. Traditionally,  two distinct phylogenetic
hypotheses have been considered for Ctenophora based on morphological and/or embryological
data: (i) grouping them with Cnidaria (the Coelenterata hypothesis; Haeckel (1866) and Hyman
(Hyman,  1940)),  ii)  placing them as  a sister  group to Bilateria  (the Acrosomate hypothesis;
(Lang, 1881; Ax, 1996)). By contrast, early molecular phylogenies tended to place ctenophores
as the sister  group to Cnidaria  + Bilateria,  either  by themselves  (the Planulozoa hypothesis;
(Wainright  et  al.,  1993;  Wallberg  et  al.,  2004)),  or with calcareous sponges (Collins,  1998).
Recent  phylogenomic  studies  utilizing  gene  supermatrices  based  largely  on  EST data  have
yielded conflicting results as to the phylogenetic position of Ctenophora. Two of these studies
placed ctenophores as the sister group to all metazoans, including sponges (Dunn et al., 2008;
Hejnol et al., 2009). Phylogenomic analyses by a different group of researchers put ctenophores
either in a clade with the Cnidaria, supporting the traditional Coelenterata hypothesis (Philippe et
al., 2009) or as a sister group to a clade that included Cnidaria, Bilateria and Placozoa (Pick et
al., 2010). Another set of studies utilized whole genome data from all four non-bilaterian phyla,
including the ctenophore Mnemiopsis leidyi, to examine gene superfamilies (Reitzel et al., 2011;
Ryan  et al., 2010) and signaling pathway components (Pang  et al., 2010) across the Metazoa.
Based on the presence or absence of superfamily classes, superfamily subclasses, and pathway
components,  these  authors  supported  a  grouping  of  Cnidaria,  Placozoa,  and  Bilateria  (the
ParaHoxozoa) to the exclusion of Porifera and Ctenophora (Ryan et al., 2010). Remarkably, the
phylogeny within Ctenophora is also unresolved, mainly because of the surprising conservation
of 18S rRNA sequences,  the only marker used so far to study it  (Podar  et al.,  2001). Thus,
additional  markers  or  new approaches  are  clearly  needed for  phylogenetic  studies  involving
ctenophores.
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Finally,  from  structural  analyses,  ctenophore  mitochondria  possess  an  unusual
arrangement of tubular cristae (Horridge, 1964) unlike most other animals, fungi, and choanozoa
that have flat  cristae (Cavalier-Smith,  1993).  Earlier  studies placed heavy emphasis on these
mitochondrial features in phylogenetic inference (e.g., Cavalier-Smith, 1993), although modern
investigations have questioned the value of this character for phylogenetic inference (Frey and
Mannella, 2000). There is little known about the reasons for this difference and whether there is
any correlation between mtDNA evolution and mitochondrial morphology.
The ctenophore Mnemiopsis leidyi (the warty comb jelly or sea walnut) is an important
predator in many pelagic marine ecosystems (Colin et al., 2010). Native to the Atlantic coast of
North and South America, it has gained global notoriety for its invasion of several seas of the
Mediterranean basin (Shiganova et al., 2001). This ctenophore also has become one of the model
species in developmental and evolutionary biology (Pang and Martindale, 2008a). The M. leidyi
genome sequencing project (Pang  et al.,  2010; Ryan  et al.,  2010; unpublished) has produced
sequences for several candidate mitochondrial genes. We used this information to design primers
and to PCR-amplify the complete mitochondrial genome from this species. In addition, we used
the available nuclear genomic data to obtain deeper insights into the mitochondrial biology of M.
leidyi. Here, we describe this genome and report its very unusual evolutionary trajectory.
Methods
Specimen collection and genomic DNA preparation
Adult  Mnemiopsis leidyi were collected from the docks of Woods Hole, MA during the
summers of 2006–2008. Animals were kept in fresh seawater under constant illumination in a
large bucket in the lab. Adults were induced to spawn by placing them in the dark for 6–7 hours,
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as described in Pang and Martindale (2008a). Fertilized eggs were collected and washed with
fresh seawater. The embryos were raised at 17°C for 24–36 hours (up to cydippid stage), upon
which they were collected and concentrated in 2 ml tubes. These tubes were briefly centrifuged
at 2,000g to concentrate cydippids (approximately 500–1000).  After removing as much excess
seawater as possible, these tubes were placed at −80°C prior to DNA extractions. Genomic DNA
was isolated using  DNAzol  (Molecular  Research Center)  as  previously described (Pang and
Martindale,  2008a).  DNAzol  was  added  to  tubes  of  cydippids  immediately  after  they  were
removed from -80°C. Following an overnight proteinase K digestion (0.1 mg/ml), tubes were
centrifuged at 10,000g to remove insoluble material. Genomic DNA was then precipitated by
adding a half volume of ethanol and incubating at room temperature. Following centrifugation,
the  DNA pellet  was  washed  with  70%  DNAzol  (30%  ethanol),  then  75%  ethanol,  then
resuspended in sterile water.
mtDNA amplification and sequencing
Mitochondrial cox1, cob, and nad5 were identified among the sequences generated by the
Mnemiopsis leidyi genome sequencing project (Entrez Project ID: 64405) and used to design
specific  primers:  ml-cox1-f1,  5′-CGTCACTTTACATGCTGTTTAC  -3′;  ml-cox1-r1,  5′-
ATACGAGGTAAACACATATCAGC-3′;  ml-cob-f1,  5′-
ATGGGTCAAATGTCATATTGAGC-3′;  ml-cob-r1,  5′-
TAAGTAAACTATTAATGACAGGAC-3′;  ml-nad5-f1,  5′-
TCTGCTGTTTTTCCATTTCATGC-3′;  and  ml-nad5-r1,  5′-
TCCATAGCATAATATAGTCAAGC-3′.  The  complete  mtDNA  was  amplified  in  two
overlapping fragments using the Long and Accurate (LA) PCR kit from TAKARA with primer
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combinations i) cox1-f1+cob-r1 and cob-f1+cox1-r1 and ii) cob-f1+nad5-r1, nad5- f1+cob-r1.
The  total  size  of  the  two  PCR fragments  was  identical  for  both  sets  of  primers.  The  PCR
fragments  generated  with  cob and  nad5 primers  were  used  for  the  shotgun  cloning  and
sequencing as described in our earlier paper (Burger  et al., 2007). Briefly, PCR amplications
were combined in equimolar concentration, sheared into pieces 1–2 kb in size and cloned using
the  TOPO Shotgun Subcloning Kit  from Invitrogen.  White  colonies  containing  inserts  were
collected,  grown  overnight  in  96-well  blocks  and  submitted  to  the  DNA Sequencing  and
Synthesis Facility of the ISU Office of Biotechnology for high-throughput plasmid preparation
and sequencing. The STADEN program suite (Staden, 1996) and Phred (Ewing  et al.,  1998;
Ewing and Green, 1998) were used to basecall and assemble the sequences. Problematic regions
in the assembly (mostly due to mono-T runs) were further investigated by primer-walking. The
complete  mtDNA sequence  has  been  deposited  to  GenBank  (JF760210).  Two  PCR primers
(meta-cox1-f2,  5′-  TTKTTYTGRTTYTTYGGNCAYCC-3′  and  meta-cox1-r2,  5′-
GAKAAKACGTAGTGRAARTGNGC-3′) were designed for  cox1 regions conserved between
M. leidyi and other animals: and used to amplify a fragment of cox1 from Pleurobrachia pileus, a
ctenophore belonging to the order Cydippida (GenBank accession JF760211).
Sequence analysis
We used flip  (http://megasun.bch.umontreal.ca/ogmp/ogmpid.html)  to  predict  ORFs in
M. leidyi mtDNA and similarity searches in local  databases with FASTA (Pearson,  1994) to
identify  them.  Secondary  structure  predictions  were  performed  using  TMHMM  for  protein
coding genes (Krogh  et al., 2001). Covariance models for  rns and  rnl genes were constructed
with  Infernal  1.0  (Nawrocki  et  al.,  2009)  using  manually  curated  alignments  of  the
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corresponding  sequences  from  Escherichia  coli,  Monosiga  brevicollis,  Oscarella  carmela,
Geodia neptuni,  Tethya actinia,  Metridium senile,  Aurelia aurita and  Homo sapiens with the
experimentally determined secondary structures from Escherichia coli (Glotz et al., 1981) used
as  consensus  structures.  The resulting  rRNA secondary structure predictions  were  visualized
using RNAViz (De Rijk  et al., 2003). Transfer RNA sequences were searched with tRNAscan
(Lowe and Eddy, 1997), Arwen (Laslett and Canback, 2008), and manually. The mt-genome map
was visualized using CGView (Stothard and Wishart, 2005).
Mitochondrial  ribosomal  protein  (MRP)  sequences  of  interest  were  identified  using
reciprocal  BlastP  (Altschul  et  al.,  1997)  queries  with  known  MRP  sequences  from
Saccharomyces cerevisiae and Homo sapiens obtained from the Uniprot database (Smits et al.,
2007). The identities of aminoacyl-tRNA synthetases and ribosomal proteins were determined
based upon homology to known sequences from S. cerevisiae and/or human obtained from the
Uniprot database,  and mitochondrial  targeting presequence predictions were performed using
TargetP  (Emanuelsson  et  al.,  2007).  Intron/exon  boundaries  in  nuclear-encoded  atp6 were
annotated using EST sequences from M. leidyi publicly available in Genbank.
Protein  sequences  for  atp9 were  obtained  from  GenBank  files,  Homo  sapiens
NP_001680,  Nematostella vectensis XP_001634940,  Trichoplax adhaerens XP_002108967, or
by querying the predicted Amphimedon queenslandica proteome from the JGI database with the
mitochondrial  atp9 sequence from Amphimedon compressa. The consensus mitochondrial  atp9
sequence for eukaryotes was obtained from the NCBI organellar genome resources website.
Phylogenetic analysis
Mitochondrial coding sequences for Cantharellus cibarius and mtDNA were downloaded
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from  http://megasun.bch.umontreal.ca/People/lang/FMGP/proteins.html;  other  sequences  were
derived from the GenBank organellar genome database. Translated sequences of cob, cox1- cox3,
and  nad5 were  aligned  three  times  with  ClustalW 2.  (Larkin  et  al.,  2007)  using  different
combinations  of  opening/extension  gap  penalties:  10/0.2  (default),  12/4  and  5/1.  The  three
alignments were compared using SOAP (Löytynoja and Milinkovitch, 2001), and only positions
that were aligned identically among them were included in phylogenetic analyses.
Phylogenetic  inference  was  performed  with  PhyloBayes  (PB)  v3.2d  (Lartillot  and
Philippe, 2004; Lartillot et al., 2009). We used the CAT+GTR+Γ models for the analysis and ran
four chains for 20,000 generation, until convergence (maxdiff = 0.13), sampling every 10th tree.
Results
The smallest animal mitochondrial genome with an extreme nucleotide composition
The sequence of Mnemiopsis leidyi mtDNA (Figure 1) was determined to be 10,326 bp in
length, making it the smallest animal mt-genome reported to date. We attributed the extremely
small size of this genome to the scarcity of intergenic nucleotides, the relocation of atp6 to the
nuclear genome, and the apparent loss of all tRNA genes (see below). The sequence was also
extremely AT-rich (%AT=84.3) and had a strong AT-skew of −0.38 (Perna and Kocher, 1995). As
a result, we found multiple mono-T runs in the coding strand, 21 of them being greater or equal
to 10 and up to 22 nucleotides in size. In some places, the mono-T runs created problems for
sequencing this mitochondrial genome.
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Highly  derived  coding  sequences  show  extremely  low  similarity  with  homologues  in  other
genomes
We located 33 open reading frames (ORFs) larger than 50 codons (the usual size of the
smallest  gene  in  animal  mtDNA),  by  translating  the  mtDNA sequence  using  a  minimally
modified genetic code (with TGA=Trp), including nine ORFs ≥ 100 codons in length (Online
Figure 1). The nine largest ORFs spanned most of the genome and their pattern of nucleotide
usage (a larger negative AT-skew at the second position, and a higher AT content at the third)
indicates that these ORFs code for functional transmembrane proteins  (Chiusano  et al., 2000)
(Online Figure 2). Eight of them were identified by sequence similarity as genes for cytochrome
b  (cob),  cytochrome  c  oxidase  subunits  1–3  (cox1–3),  and  NADH  dehydrogenase  subunits
1,3,4,5 (nad1,3–5) (Figure 1). However, their  sequence identity with homologous proteins in
other organisms was low, ranging from 14% for nad4 to 41% for cox1 (Table 1). The last ORF –
ORF241 – was putatively identified as nad2, based on the prediction of transmembrane helices
in  the  amino-acid  sequence  it  encodes  (Krogh  et  al.,  2001)  (Online  Figure  2).  We  also
investigated six ORFs between 50 and 100 codons in length that were located in regions not
covered by these genes: four ORFs downstream of the putative nad2 gene, one downstream of
cob, and one downstream of  cox2 (Online Figure 1). We tentatively identified two of them as
nad4L,  and  nad6,  respectively,  based  on  the  pattern  of  nucleotide  usage  (Online  Figure  2),
prediction  of  transmembrane  helices  (Online  Figure  3),  and  some  sequence  similarity  with
corresponding genes in  other  genomes.  While  none of these indicators  were conclusive (the
sequence similarity was low and the proteins encoded by  the  putative  nad4L and  nad6 genes
were missing some transmembrane domains usually present in their homologues), we note that
these genes are typically among the least conserved genes in mtDNA (Wang and Lavrov, 2008)
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and are therefore expected to be difficult to identify. Furthermore, the putative nad6 is unusually
small in size, which contributes to its extremely low sequence identity scores. We were unable to
identify genes for any subunits of F0 ATP-synthase in the mtDNA of M. leidyi, but found two of
them (atp6 and atp9) in its nuclear genome (see below).
All genes in M. leidyi mtDNA had the same transcriptional polarity and several of them
overlapped (specifically,  cox3 and  nad3,  nad5 and  nad1,  nad1 and  cob). There were very few
nucleotides outside of the coding sequences, with most of them present in two regions of the
genome:  (i)  a  relatively  small  region  downstream  of  the  putative  nad6 gene,  which  we
interpreted  as  a  non-coding  region  potentially  involved  in  initiation  of  replication  and
transcription, and (ii) a larger region downstream of cox2, where we identified genes for the large
and small subunit rRNAs.
All subunits of F0 ATP-synthase are encoded in the nuclear genome
Among the coding sequences identified in the mitochondrial genome of M. leidyi, none
coded  for  subunits  of  F0  ATP-synthase.  Instead,  atp6 and  atp9 were  found  in  the  nuclear
genome. The nuclear-encoded atp6 encompassed at least 1,742 nt and contained three introns of
544,  137,  and  206  bp,  respectively.  Corresponding  cDNA sequences  available  in  Genbank
showed the mature  atp6 possessing a 5′-untranslated region of nine nt, followed by an open
reading frame of  756 nt  and a  3′-untranslated region of 90 nt.  The translated ATP6 peptide
contained a 19-amino acid presequence at the N-terminus and had an 85% probability of being
targeted to the mitochondrion, as predicted by TargetP (Emanuelsson  et al., 2007). The amino
acid sequence of the ATP6 had been predicted to form four transmembrane domains: the first
encoded by exon 2, the following two by exon 3, and the last by exon 4. A fifth transmembrane
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domain, usually located at the N-terminus of the protein, was not identified and might have been
lost.
Similarly, the nuclear-encoded atp9 gene had acquired an N-terminal extension as well as
one  intron.  Alignments  of  nuclear-encoded  atp9 sequences  from  representatives  of  several
animal phyla revealed a conserved motif just upstream of the core mitochondrial domain that
was present in atp9 presequences from Ctenophora, Cnidaria, Placozoa, and Bilateria, but absent
from the demosponge Amphimedon queenslandica (Figure 2), in which this gene underwent an
independent transfer to the nucleus (Erpenbeck et al., 2007).
We were not able to identify atp8 in either the mitochondrial or the nuclear genome of M.
leidyi. Because of its small size and poor sequence conservation, this gene may still be present in
either of these genomes or might have been lost. Multiple independent losses of atp8 have been
reported in Metazoa (e.g., Hoffmann et al., 1992; Okimoto et al., 1992; Le et al., 2002; Iannelli
et  al.,  2007;  Helfenbein  et  al.,  2004)  as  well  as  in  other  eukaryotes  (Burger  et  al.,  2000;
Slamovits et al., 2007; Denovan-Wright et al., 1998; Hancock et al., 2010). No nuclear atp8 had
been found to date in these taxa.
An extremely derived mitochondrial ribosome
A 1246 bp region in M. leidyi mtDNA downstream of cox2 contained no large ORFs and
is the presumed location of both the large and small subunit ribosomal RNA genes (rns and rnl
respectively).  We  found  a  positive  GC-skew  in  this  region,  consistent  with  a  nucleotide
composition influenced by rRNA secondary structures wherein G-U base pairs are frequently
observed. While there was very little similarity with any known sequences, we were able to
identify a few potential secondary structures that allowed us to assign the first 368 bp of the
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region as rns and the following 878 as rnl. Two regions within rns, the so- called 530 loop (helix
18), and helices 28–30, 43–45, were partially conserved in sequence and structure (Figure 3A).
In particular, we found conservation of the three essential nucleotides (G530 in helix 18 and both
A1492 and A1493 in helix 44) used in decoding, a process that discriminates against aminoacyl
tRNAs that do not match the codon of messenger RNA (Ogle et al., 2003). Furthermore, a small
(~110 bp) segment at the 3′ end of rnl displayed both a high degree of sequence similarity and a
similar structure with the peptidyl transferase center (PTC) from domain V of the large subunit
rRNA,  which  constitutes  the  “catalytic  heart  of  the  ribosome”  and  is  highly  conserved
throughout all of life (Polacek and Mankin, 2005; Bokov and Steinberg, 2009) (Figure 3B). This
conservation was mostly limited to the core of the PTC, while many helices involved in the
A-site and P- site of the PTC had been modified or reduced. Among the retained structures were
helices 80, 81 and 92, the first of which is responsible for stabilizing the P-site tRNA through
base- pairing interactions with its CCA terminus (Polacek and Mankin, 2005) and the last being
responsible for stabilizing the orientation of the A-site tRNA. The rest of the 1246 bp region did
not  encode any conserved helices  in  either  srRNA or  lrRNA. In particular,  the  L1-  binding
domain stalk, present in all other rRNAs, appears to be completely absent from rnl in M. leidyi.
Clearly, the extent of reduction discovered in M. leidyi mt-rRNA is unprecedented, far surpassing
that in the “minimal RNA” reported in Leishmania tarentolae mitochondrial ribosomes (de la
Cruz et al., 1985a; de la Cruz et al., 1985b; Sharma et al., 2009).
In mammals (Suzuki et al., 2001; Sharma et al., 2003), and other organisms (Sharma et
al., 2009), the truncation of mt-rRNA is compensated by both an increase in the number and size
of  mitochondrial  ribosomal  proteins  (MRPs).  To  investigate  whether  similar  changes  have
occurred in the protein content of the M. leidyi mt-ribosome, we surveyed the nuclear genome
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for homologues of the 98 known MRPs that could have been present in the most recent common
ancestor  of  opisthokonta  (79  from  human  and  19  from  yeast)  (Smits  et  al.,  2007).  For
comparison,  we  also  surveyed  the  nuclear  genome  of  the  demosponge  Amphimedon
queenslandica and the cnidarian Nematostella vectensis.
We identified 34 putative homologues to human MRPs in the nuclear genome of  M.
leidyi compared to  61  in  A.  queenslandica and  62 in  N.  vectensis.  The  reduced  number  of
identified proteins in  M. leidyi is likely a result of their rapid evolution, rather than gene loss,
because observed sequence identity values for these genes were generally lower between human
and this ctenophore (mean=28.0, SD=6.5%) than between human and either  A. queenslandica
(38.2±6.5%) or N. vectensis (41.9±7.4%). In addition, the MRP sequences in M. leidyi were on
average 35 amino acids longer than their homologues in human and there were more of them
showing large expansions (>100 amino acids) than those showing  large contractions (6 vs. 2).
However, given the drastic reduction in the rRNA content of the  M. leidyi mt-ribosome, it is
likely that novel proteins were also recruited to compensate for the loss of rRNA.
The  complete  absence  of  mitochondrial  tRNA  genes  and  the  loss  of  nuclear-encoded
mitochondrial aminoacyl-tRNA synthetases
No tRNA genes have been found in the mitochondrial  genome of  M. leidyi by using
either automated or manual searches. The lack of a mitochondrial gene for tRNATrp(UCA) was
especially  surprising  given that  tryptophan  appears  to  be  specified  exclusively  by  the  UGA
codon in M. leidyi mitochondrial coding sequences (no UGG codons were found), which is an
“opal” stop codon in the standard genetic  code.  A scan of the nuclear  genome of  M. leidyi
recovered 478 putative tRNA gene sequences and 708 possible tRNA pseudogenes, with five
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sequences corresponding to the nuclear trnW(cca) but no mitochondrial trnW(uca). This situation
is  reminiscent  of  that  in  Trypanosoma brucei,  where  dual  targeting  of  tRNATrp requires  two
different tryptophanyl-tRNA synthetases, one of which recognizes tRNATrp that has undergone
editing  from  C  to  U  in  the  first  position  of  the  anticodon.  This  allows  decoding  of  the
mitochondrial UGA codons as tryptophan rather than as a stop codon (Alfonzo  et al., 1999).
Indeed, a search for nuclear genes for mitochondrial  aminoacyl-tRNA synthetases (mt-aaRS)
recovered a putative homologue to human tryptophanyl mt-aaRS (mt- TrpRS). This was only one
of two mt-aaRS found in the nuclear genome of M. leidyi, the second being mt-PheRS.
The lack of interphylum but the presence of intraphylum phylogenetic signal in mitochondrial
genes
Given  the  exceptionally  high  rate  of  sequence  evolution  one  can  expect  little  if  any
phylogenetic signal suitable for interphylum relationships in the mitochondrial sequences of M.
leidyi.  Indeed,  our  phylogenetic  analysis  based  on  amino  acid  sequences  from  the  five
best-conserved genes (cob, cox1–3, and nad5) resolved neither the relationships among the four
main lineages of animals sampled previously (Bilateria, Cnidaria, Porifera, and Placozoa) nor the
phylogenetic position of Ctenophora (Figure 4). On the other hand, each of the main lineages
was recovered as monophyletic and the relationships within each lineage corresponded closely to
recently published phylogenetic studies.
To  check  whether  mtDNA  sequences  from  ctenophores  contain  any  intraphylum
phylogenetic signal, we designed two PCR primers for  cox1 regions that were well conserved
between  M. leidyi and other animals and used them to determine the sequence of  cox1 from
Pleurobrachia  pileus,  a  ctenophore  belonging  to  the  order  Cydippida.  Comparison  of  cox1
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sequences between M. leidyi and P. pileus revealed differences at 30% of sites, with dN= 0.18,
dS=40.22, and dN/dS= 0.0044. The large divergence in mtDNA sequences between these two
species was in stark contrast to a previous study by Podar  et al. (2001) that found very little
differences in nuclear 18S sequences among sampled ctenophore species. We also note that the
dN/dS ratio for cox1 sequences is much less than one, indicating that cox1 in ctenophores evolves
under strong purifying selection and is not a pseudogene.
Discussion
The loss of at least 25 genes explains the extreme size of the genome
Animal mtDNA, although not as highly conserved as previously thought, is an unusually
small and economically organized molecule in comparison to other eukaryotic groups (Lang et
al.,  1999).  This compact  organization is  particularly pronounced in the mtDNA of bilaterian
animals, where intergenic nucleotides are usually few, if any, and genes contain neither introns
nor regulatory sequences. The small size of animal mtDNA is also due to reduction in the sizes
of genes, which, in the case of structural RNAs, often lack some secondary structures present in
homologous molecules in other groups and, in other cases, are even truncated and completed by
posttranscriptional polyadenylation (Yokobori and Pääbo, 1997). Given this highly economical
organization of animal mtDNA, further reduction in its size is mainly possible through gene loss.
Indeed, the mitochondrial genome of Mnemiopsis leidyi has lost at least 25 genes: 24 tRNA
genes  required  for  translation  using  the  minimally  derived  genetic  code,  as  well  as  a  gene
encoding subunit 6 of the F0 ATPase. The loss of a mitochondrial-encoded atp6 gene in animals
has previously been reported only in Chaetognatha (Helfenbein  et al., 2004). In non-metazoan
eukaryotes,  there  are  also  examples  of  atp6 having  been  transferred  to  the  nucleus,  the
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chlorophycean  alga  Chlamydomonas  reinhardtii being  the  best  studied  (Funes  et  al.,  2002).
Interestingly,  the  nuclear-encoded  atp6 of  C.  reinhardtii  displays  a  large  decrease  in  the
hydrophobicity of the transmembrane region A, corresponding to the missing transmembrane
domain in M. leidyi atp6, suggesting the absence of this domain may aid in the import of atp6
into the mitochondrion. The finding that  atp6 is nuclear-encoded in  M. leidyi makes it another
potential  model  for  the  study  of  protein  import  to  mitochondria,  which  is  essential  for
mitochondrial gene therapy (Manfredi et al., 2002; Figueroa-Martinez et al., 2011).
Although  atp9 was also missing in  M. leidyi mtDNA, we interpreted its absence as a
consequence of a nuclear transfer event that occurred in the lineage leading to all Eumetazoa (all
animals  minus  sponges),  rather  than  an  independent  transfer.  Because  atp9 is
mitochondrial-encoded in fungi, choanoflagellates and nearly all poriferans, it was likely present
in the mtDNA of the common ancestor to all animals. While parallel losses of organellar genes
are common (Martin et al., 1998), the presence of a conserved motif in the presequences of the
nuclear-encoded  atp9 gene from Ctenophora,  Cnidaria,  Placozoa,  and Bilateria  implies  these
presequences share common ancestry and were therefore most likely acquired during a single
ancestral nuclear transfer event (Figure 2). Although sequence convergence due to constraints
imposed by the presequence cleavage mechanism could also explain the occurrence of this motif
(e.g., Liu  et al., 2009), we regard it as unlikely. For example, no such motif is present in the
presequence of  atp9 of the demosponge  Amphimedon queenslandica (Erpenbeck  et al., 2007),
which transferred to the nucleus independently. Thus, this observation suggests that sponges,
rather than ctenophores, form a sister group to the rest of the animals. It also provides further
evidence  that  functional  nuclear  transfers  of  mitochondrial  genes  in  addition  to  numt
(Hazkani-Covo, 2009) have the potential  to  be phylogenetically  informative as rare  genomic
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changes, even when parallel transfer events are common.
In addition to atp6, the mt-genome of  M. leidyi also lacks all tRNA genes. To date, the
complete  loss of  mt-tRNA genes  has  been reported only in  a  few non-metazoans,  including
apixomplexa (Wilson and Williamson, 1997) and trypanosomatids (Schneider, 2001), and one
species of chaetognaths (Papillon et al., 2004). Furthermore, losses of individual tRNA genes are
relatively  rare  in  the  mtDNA of  bilaterian  animals,  but  are  more  common in  demosponges,
homoscleromorphs, cnidarians, and non-metazoan eukaryotes (Wang and Lavrov, 2008; Glover
et al., 2001; Gray et al., 2004). In fact, all cnidarians and some demosponges lack all but one or
two mt-tRNA genes.
In some cases where both nuclear and mitochondrial data are available, the loss of mt-
tRNAs has been shown to be accompanied by the loss of nuclear-encoded mt-aaRS. In particular,
the nuclear genome of the cnidarian Nematostella vectensis contains genes for only two mt-aaRS
(mt-PheRS  and  mt-TrpRS)  –  exactly  those  found  also  in  M.  leidyi (Haen  et  al.,  2010).  In
Nematostella, the retention of the nuclear-encoded mt-TrpRS and mt-PheRS was attributed to the
reassignment  of  the  UGA  termination  codon  to  tryptophan  in  animal  mtDNA  and  the
heterotetrameric  structure  of  the  cytoplasmic  PheRS,  respectively  (Haen  et  al.,  2010).  The
analogous situation in M. leidyi is consistent with these hypotheses.
Extremely derived ribosomal structures and the trend towards a minimal PTC-like ribosomal
RNA
The genes that remain in the mtDNA of  M. leidyi are characterized by extremely high
rates of sequence evolution, which is manifested in extremely low sequence similarity between
coding sequences in M. leidyi and their homologues in other animals, as well as highly unusual
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rRNA structures. The mt-genome of  M. leidyi encodes some of the smallest and most highly
derived mt-rRNA sequences ever documented. We show that the reduction in size of mt-rRNA
has  resulted  in  the  elimination  of  many  secondary  structures,  with  the  exception  of  those
involved  in  decoding  in  the  srRNA and  the  peptidyl  transferase  center  in  the  lrRNA.  This
reduction has also been accompanied by an increase in the evolutionary rate and the overall size
of mitochondrial ribosomal proteins.
It has been hypothesized that the ribosome may have originally evolved from a free PTC-
like RNA molecule capable of catalyzing the formation of peptide bonds. Structural domains
were  subsequently  added  in  modules  throughout  the  evolution  of  the  ribosome,  mostly  to
stabilize  the  localization  of  tRNA molecules  near  the  PTC and  to  decode  messenger  RNA
(Bokov and Steinberg, 2009). The following accumulation of protein diversity throughout life
then led to the reversal of this trend and to the their uptake within the ribosomal structure. The
degenerative  evolution  of  mitochondrial  RNA  genes  (Lynch  and  Blanchard,  1998)  and
potentially more efficient and diverse enzymatics possible with proteins may account for the
trend toward the reduction in the size of mt-rRNAs observed in animal mitochondria (Sharma et
al.,  2003).  The  rRNA genes  in  the  mt-genome  of  Mnemiopsis  represent  the  most  extreme
outcome of this reductionary trend ever observed in any organism.
Why M. leidyi mitochondrial genome is so derived?
The primary nonadaptive forces influencing organelle genomic evolution are mutation
and random genetic drifts (Lynch et al., 2006; but see Gillespie, 2001). Mitochondrial mutation
rate depends on the fidelity of mitochondrial DNA polymerase (polymerase γ in most eukaryotes
(Graziewicz et al., 2006)) and the presence and efficiency of mitochondrial repair system. The
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power of random genetic drift, which determines the probability of fixation or removal of mutant
alleles, is defined by the genetic effective size of a population (Ne) (Charlesworth, 2009). The
two  evolutionary  forces  are  not  independent  as  mutation  rate  influences  Ne,  while  a  small
effective  population  size  can  facilitate  stochastic  fixation  of  deleterious  mutations  in  genes
responsible for DNA replication and repair that can lead to an increased mutation rate.
Two features of ctenophore reproductive biology can negatively affect their Ne and hence
contribute to  their  accelerated  mitochondrial  evolution.  First,  ctenophores  in  general  and  M.
leidyi in particular are simultaneous hermaphrodites capable of self-fertilization (Pianka, 1974;
Baker and Reeve, 1974). In fact, in M. leidyi, eggs are fertilized as soon as they are shed (Pang
and  Martindale,  2008a).  Inbreeding  caused by self-fertilization  is  known to  have  effects  on
genome  evolution  as  it  reduced  effective  population  size,  limits  the  gene  flow  via  gamete
migration,  and  reduces  the  effective  recombination  rate  between  polymorphic  sites
(Charlesworth  and  Wright,  2001)  Although  some  these  effects  should  have  less  impact  on
mitochondrial  genes,  which are already uniparentally inherited in most organisms, they must
influence the nuclear genes that carry out most mitochondrial functions, including replication
and repair.
Second, at least some ctenophores are capable of rapid and massive reproduction.  M.
leidyi is an opportunistic omnivore that under optimal conditions, can start reproduction at two
weeks of age and release up to 14,000 eggs per day, creating large blooms (Baker and Reeve,
1974; Purcell  et al., 2001). Moreover, at least some ctenophores have the ability to reproduce
sexually while they are still larvae, a condition known as “dissogeny.” In  M. leidyi, larvae as
young as six days post-hatching and only 1.8 mm in sizewere able to produce viable embryos
(Martindale, 1987). This pattern of early and rapid reproduction followed by massive die-offs
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could create multiple bottlenecks in the population history of  M. leidyi,  which facilitates the
accumulation of deleterious mutations in both mitochondrial and nuclear genes.
It is also possible that the unusually high rate of sequence evolution is limited primarily
to mitochondrial components in both nuclear and mitochondrial genomes and is caused by some
physiological rather than population biology factors. To this end, we note that the branch leading
to ctenophores is not exceptionally long in recent EST-based phylogenomic studies (Pick et al.,
2010; Hejnol et al., 2009). Furthermore, a study of M. leidyi homeobox genes did not find them
to be unusually derived (Ryan et al., 2010).
Conclusions
The complete mtDNA sequence of M. leidyi – the first from the phylum Ctenophora – is
highly unusual in its gene content and the extent of sequence evolution. At just over 10kb, it has
lost at least 25 genes, including atp6 and all tRNA genes. It also displays an exceptionally high
rate of sequence evolution, resulting in highly derived structures of encoded proteins and rRNA.
The availability of preliminary  M. leidyi genome sequence data allowed us to investigate the
associated changes in the  M. leidyi nuclear genome. In particular, we show that  atp6 has been
transferred to the nucleus and acquired a targeting pre-sequence, and that the loss of tRNA genes
from mtDNA is accompanied by the loss of nuclear encoded mt-aaRS. We also show that the
rapid  evolution  of  mt-rRNA  is  correlated  with  accelerated  evolution  of  nuclear  encoded
mitochondrial  ribosomal  proteins.  Although  the  extremely  derived  genome  structure  and
protein-coding  sequences  of  the  M.  leidyi mt-  genome  did  not  allow  us  to  resolve  the
phylogenetic position of Ctenophora, our results suggest that it should be useful for phylogenetic
inference within the phylum and, possibly, as a marker for biogeographic studies. In addition,
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this work provides a toehold for determining additional ctenophore mt-genomes, which should
reveal  the  full  range  of  mtDNA sequence  diversity  in  this  phylum.  Finally,  several  unusual
features identified in M. leidyi mtDNA make this organism an promising system for the study of
various aspects of mitochondrial biology, particularly protein import and mt-ribosome structures,
and add to its value as an emerging model species.
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Figure 1. Mitochondrial genome map of Mnemiopsis leidyi
Inferred protein and rRNA genes are indicated by black arrows pointing in the direction of their
transcriptional orientation; regions of overlap between them are indicated in red. The blue shaded
area between two internal  circles indicates AT-richness  of the genome,  with the inner  circle
corresponding to 0 %AT and the other circle – to 100 %AT. The genome encodes genes for
subunits  1–5  of  NADH  dehydrogenase  (nad1–5),  subunits  1–3  of  cytochrome  c  oxidase
(cox1–3), cytochrome b (cob), the large and small subunits of mt- ribosomal RNA (rnl and rns),
and two genes of low-homology to other mitochondrial proteins putatively assigned as  nad4L
and nad6.
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Figure 2. Comparison of atp9 sequences in M. leidyi and other animals 
Multiple  sequence  alignment  of  atp9 from  Amphimedon  queenslandica (A.q.),  Nematostella
vectensis (N.v.), Mnemiopsis leidyi (M.l.), Trichoplax adhaerens (T.a.), Homo sapiens (H.s.), and
the  consensus  sequence  from  all  mt-genomes  available  on  the  NCBI  organellar  genome
resources  website  (mt)  were  created  with  MAFFT6  (Katoh  and  Toh,  2008).  Presequence
cleavage sites as predicted by TargetP are indicated with filled triangles, intron positions are
indicated  with  open  triangles,  and  the  conserved  motif  in  the  presequence  is  marked  by  a
rectangle.
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Figure 3. Conserved secondary structures in M. leidyi mt-rRNAs
Predicted secondary structures in small (A) and large subunit (B) rRNAs inferred by both manual
inspection and Infernal alignments. Helices in srRNA are numbered as in in Brimacombe (1995);
those in lrRNA – as in Leffers et al. (1987). Conserved nucleotide positions referenced in the text
are indicated with arrows.
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Figure 4. Phylogenetic analysis of animal relationships using mitochondrial sequence data
Posterior majority-rule consensus tree obtained from the analysis of concatenated mitochondrial
amino acid sequences inferred from the five genes best-conserved in Mnemiopsis (cob, cox1–3,
and  nad5;  1402  aa  in  total).  We  used  the  CAT+F+Γ  model  in  PhyloBayes  and  ran  four
independent chains for ~20,000 generations sampling every 10th tree after the first 1000 burnin
cycles. The convergence among the chains was monitored with the maxdiff statistics and the
analysis was terminated after maxdiff became less than 0.15. The number at each node represents
the Bayesian posterior probability.
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Table 1. Coding sequences in the M. leidyi mt-genome
Gene Size %AT Start 
codon
Stop 
codon
Average similarity of encoded 
amino-acid sequences*
With 
non-bilate
rian 
animals1
With 
bilaterian
animals2
With 
outgroups3
cob 1086 79.1 ATT(-27)4 TAA(-14) 27.3 27.4 26.9
cox1 1524 75.7 ATT(466) TAA(0) 40.4 41.0 40.5
cox2 579 79.9 ATT(0) TAA(0) 17.5 16.8 16.8
cox3 726 84.1 ATT(0) TAG(-4) 21.4 22.6 22.0
nad1 870 83.7 ATT(-1) TAA(-27) 21.1 20.3 20.9
nad2 726 92.1 ATT(1) TAA(0) 5.6 6.1 6.0
nad3 327 90.2 ATA(-4) TAA(0) 16.6 15.7 14.4
nad4 1095 88.6 ATT(0) TAA(1) 14.2 14.1 14.0
nad4L 198 90.3 ATG(0) TAA(108) 15.3 10.8 16.2
nad5 1407 83.9 ATA(108) TAA(-1) 14.2 14.5 14.7
nad6 204 85.8 ATG(-14) TAA(466) 3.7 2.6 2.9
1Average sequence similarity with homologous proteins in Metridium senile, Sarcophyton 
glaucum, Ephydatia muelleri, Oscarella carmela, and Trichoplax adhaerens.
2Average sequence similarity with homologous proteins in Balanoglossus carnosus, Homo 
sapiens, Katharina tunicata, Limulus polyphemus, and Xenoturbella blocki.
3Average sequence similarity with homologous proteins in Capsaspora owczarzaki and 
Monosiga brevicolis.
4The numbers in parentheses after initiation and termination codons show the number of 
noncoding nucleotides upstream and downstream of a gene. The negative
numbers indicate that the genes are overlapping.
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CHAPTER 5. MITONUCLEAR INTERACTIONS IN THE EVOLUTION OF ANIMAL
MITOCHONDRIAL TRANSLATIONAL MACHINERY
A manuscript to be submitted to Genome Biology and Evolution
Walker Pett, Dennis Lavrov
Abstract
The evolution of mitochondrial information processing pathways, including replication,
transcription  and  translation,  is  characterized  by  the  gradual  replacement  of
mitochondrial-encoded  genes  with  nuclear-encoded  proteins  of  diverse  origins.  While  the
ancestral enzymes involved in mitochondrial transcription and replication appear to have been
replaced fairly early in eukaryotic evolution, mitochondrial translation is still carried out by an
apparatus that was, for the most part, inherited from the  α-proteobacterial ancestor. However,
variation  in  the  complement  of  mitochondrial-encoded  molecules  involved  in  translation,
including transfer RNA (tRNA) genes, provides evidence for the continuing evolution of protein
synthesis machinery.  Here, we extended our previous studies in the animal phyla Cnidaria and
Ctenophora, and evaluate the distribution of mitochondrial tRNAs and mitochondrial aaRS in
animals using recent genomic and transcriptomic data from other non-bilaterian taxa, including
several  species of sponges which have lost  mitochondrial  tRNAs. Our results  strengthen the
hypothesis that the fate of nuclear-encoded mitochondrial enzymes is influenced by the evolution
of mitochondrial DNA, and suggest that relaxed selection on mitochondrial translation drives the
dynamic evolution of many proteins involved in mitochondrial translation.
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Introduction
Organisms that possess mitochondria maintain independent pathways for the replication,
transcription  and  translation  of  mitochondrial  DNA (mtDNA).  According  to  endosymbiotic
theory,  these  pathways  were  inherited  from the  α-proteobacterial  ancestor  that  gave  rise  to
mitochondria, and are therefore predicted to resemble their modern-day bacterial counterparts.
However,  it  is  apparent  that  some  of  the  components  of  these  mitochondrial  information
processing  pathways  have  undergone  a  gradual  process  of  replacement  by  genes  of
non-mitochondrial origin (reviewed in Huynen et al. 2013). For example, in opisthokonts (fungi
and animals),  the DNA polymerase  γ enzyme involved in  the replication of  mtDNA closely
resembles a DNA polymerase found in T-odd bacteriophages (Shutt and Gray 2006), suggesting
that  this  enzyme may have been replaced early in  eukaryotic  evolution through lateral  gene
transfer from viruses (Filée et al. 2002). Similarly, mitochondrial transcription is carried out by a
phage-like  single-subunit  RNA polymerase  in  all  eukaryotes  except  jakobid  protists,  where
instead a mitochondrial-encoded four-subunit bacterial-like RNA polymerase is utilized (Burger
et al. 2013).
Mitochondrial translation, on the other hand, is carried out by a bacterial-like apparatus
whose core has endured largely intact throughout much of the eukaryotic domain (Adams 2003).
However, evidence for the continuing evolution of mitochondrial protein synthesis can be found
in several eukaryotic lineages in the evolution of ribosomal protein genes  (Smits et al. 2007;
Scheel and Hausdorf 2014), and in the wide variation in the number of mitochondrial-encoded
transfer  RNA (mt-tRNA)  genes  (Schneider  2011).  In  particular,  the  occurrence  of  multiple
independent losses of some mt-tRNA genes beyond the minimal number that is  required for
mitochondrial translation indicates that replacement nuclear-encoded tRNAs, imported from the
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cytosol, are needed for an operational mitochondrial translational system in these cases.
As shown in our previous studies, the effects of this replacement of mt-tRNAs can also
extend  to  the  nuclear-encoded  components  of  mt-tRNA  processing  pathways.  The  most
prominent of these is the aminoacyl-tRNA synthetases (aaRS), which catalyze the attachment of
tRNAs  to  their  cognate  amino  acids.  In  the  animal  phyla  Cnidiara  and  Ctenophora,  whose
mt-genomes encode no more than two mt-tRNAs (Pett et al. 2011; Kayal et al. 2012), we were
able  to  identify  only  two  nuclear-encoded  mitochondrial  aminoacyl-tRNA synthetase genes
(mt-aaRS),  despite locating homologs for all cytosolic aaRS (cy-aaRS). These previous results
suggest that the replacement of mt-tRNAs can potentially precipitate the replacement of mt-aaRS
(Haen et al. 2010). 
However, these previous observations represent a fairly limited taxonomic range, and it is
not clear if the patterns observed in Cnidaria and Ctenophora can be extended to other animals.
Notably, a less-than-complete set of mt-tRNA genes can be found in several independent animal
lineages, including  the  protostome phylum Chaetognatha  (Helfenbein  et  al.  2004),  and  four
independent  lineages  in the  phylum Porifera  (Wang  and  Lavrov  2008),  including the
homoscleromorph family Plakinidae, the demosponge subclass Keratosa, the chondrillid sponge
Chondrosia reniformis (unpublished data), and several representative of the haplosclerid family
Niphatidae, including Amphimedon queenslandica.
Furthermore,  apart  from tRNA aminoacylation,  there  are  several  idiosyncratic  tRNA
processing pathways that are specific to the bacterial-like translation system in mitochondria. For
example, in opisthokonts, mitochondrial Asn-tRNAAsn and Gln-tRNAGln are synthesized via an
indirect aminoacylation pathway mediated by a multi-subunit glutamyl-tRNA amidotransferase
(Gat) complex that is not used in cytosolic translation  (Frechin et al. 2009; Nagao and Suzuki
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2009). As another example, a tRNAIle(CAU) gene is encoded in the mtDNA of most opisthokont
species, and a specifc enzyme, tRNAIle-lysidine synthetase (TilS), catalyzes the conversion of a
cytosine to lysidine in the anticodon loop of this mt-tRNA, enabling discrimination of AUA and
AUG codons as isoleucine and methionine respectively (Nakanishi et al. 2009). Discrimination
of  these  codons  is  achieved  in  cytosolic  translation  by  the  use  of  a  tRNAIle(UAU)  that  is
modified  with pseudouridine  instead  of  lysidine  (Senger  et  al.  1997).  Finally,  mitochondrial
RNase P (mtRNaseP),  which is  responsible  for the 5'  maturation of all  mt-tRNAs, has been
replaced in  animals  by a  protein  complex that  is  not  homologous  to  the  Rnase  P ribozyme
utilized  for  the  maturation  of  cytosolic  small  RNAs  (Holzmann  et  al.  2008).  The  enzyme
components of these pathways are also expected to coevolve with their mt-tRNA substrates, and
could therefore be subject to loss following the replacement of mt-tRNAs.
Here we survey all major groups of animals as well as their unicellular relatives for the
presence  of  these  mt-tRNA  processing  pathways.  Although  we  often  find  a  correlated
distribution of mt-tRNAs and mt-tRNA processing activities, we also discovered many mt-tRNA
processing  activities  that  appear  to  have  been  retained,  despite  the  loss  of  mt-tRNAs.  In
particular, our analysis of sponges shows important differences with Cnidaria and Ctenophora,
indicating  that  the  more  conserved,  prokaryotic-like  translation  system  found  outside  of
Eumetazoa can have a unique impact on the evolution of nuclear-encoded genes.
Materials and Methods
Complete genomic and transcriptomic data acquisition
We obtained transcriptome assemblies from the sponge species  Aphrocallistes vastus,
Chondrilla  nucula,  Corticium  candelabrum,  Crella  elegans,  Ircinia  fasciculata,  Petrosia
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ficiformis, and  Sycon coactum from  the Harvard Dataverse Network,  doi:10.7910/DVN/24737
(Riesgo et al. 2014). Transcriptomic data from Oscarella carmela, and Ephydatia muelleri were
obtained  from  the  Compagen  database  (Hemmrich  and  Bosch  2008).  We  also  obtained
transcriptomic  data  from  the  octocoral  Gorgonia  ventalina  from  the  NCBI  Sequence  Read
Archive, SRR542508 (Burge et al. 2013).  Transcriptome data was obtained for nine species of
ctenophores  (Moroz et  al.  2014) from the  lab  website  of  Leonid  Moroz (last-accessed  June
2014). Additional RNA-Seq libraries were obtained for the filisteran Ministeria vibrans, and the
mesomycetozoan Creolimax  fragrantissima,  courtesy  of  Iñaki  Ruiz-Trillo  at  the  Institut  de
Biologia Evolutiva (personal communication, April 2014).
We  obtained  predicted  proteomes  from  the  complete  genomes  of Amphimedon
queenslandica  (Srivastava et  al.  2010),  Mnemiopsis leidyi  (Ryan et  al.  2013),  Pleurobrachia
bachei (Moroz  et  al.  2014),  Trichoplax  adhaerens (Srivastava  et  al.  2008),  Nematostella
vectensis  (Putnam et  al.  2007),  and  Monosiga brevicolllis,  Salpingoeca  rosetta,  Capsaspora
owczarzaki, Sphaeroforma arctica from the Origins of Multicellularity Database (Ruiz-Trillo et
al. 2007).  In addition we obtained a whole genome amplification assembly from a  Calcinean
calcareous sponge Clathrina sp. courtesy of Marcin Adamski at the Sars International Centre for
Marine Biology (personal communication, April 2014).
Phylogenetic profiling for target genes
Eukaryotic sequences for each type of aaRS and the subunits of GatCAB were obtained
from the  Homologene  database and  multiple  sequence  alignments  of  these  sequences  were
constructed  using MAFFT  6 with  the  --globalpair option (Katoh and Toh 2008).  These
alignments were used to construct Hidden Markov Models using HMMER 3 (Finn et al. 2011),
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which were then used to search the  genome or  transcriptome of each target organism with an
e-value cutoff of 1e-5. BlastP searches were conducted against the NCBI RefSeq database using
the resulting hits to check for homology with the target gene. Regions from the resulting set of
sequences that aligned with the eukaryotic HMMs were saved for phylogenetic analysis.
When  transcriptomic  data  had  not  been  refined  using  an  accompanying  reference
genome, HMM searches often produced a very large number of fragmentary hits, which aligned
only partially  to  the  query profile,  or  which showed high sequence  similarity  with bacterial
sequences. In these cases, an additional phylogenetic profiling step was performed in order to
identify homologous eukaryotic fragments and filter out prokaryotic contamination sequences.
First,  prokaryotic  alignments  were  constructed  using  reviewed  amino  acid  sequences  from
reference proteome sets contained in the UniProt database.  These alignments were combined
with  the  previously  constructed  eukaryotic  alignments,  which  were  then  used  to  estimate
phylogenetic  trees  using  PhyML  3.0  (see  phylogenetic  analysis)  (Guindon  et  al.  2010).
Fragmentary transcripts that were identified in the HMM profiling step were then placed on these
trees using pplacer  (Matsen et al.  2010), which identifies the maximum likelihood branching
point  for  a  sequence  fragment,  conditioned on the  alignment  used  to  construct  the  tree  and
previous  maximum likelihood  estimates  of  the  branch  lengths  and  other  model  parameters.
Sequences that were placed inside of a eukaryotic lineage were retained for further analysis.
Following this initial round of phylogenetic profiling, new HMM profiles were constructed from
sub-alignments  containing  only  eukaryotic  sequences.  These  were  then  used  to  conduct  a
repeated round of phylogenetic  profiling as a means of verifying the absence of some more
poorly conserved genes that may have been represented only by short fragments that do not share
a high degree of similarity with sequences in the Homologene database. Candidate homologs
107
identified by this  procedure were checked for structural homology with the target  sequences
using the Phyre2 protein fold prediction server (Kelley and Sternberg 2009).
To identify tRNAIle lysidine synthetase (TilS) homologs,  fungal  TilS sequences were
obtained with the accession numbers identified by  (Xavier et al. 2012). These sequences were
used to construct an HMM profile which was then used to query each target genome and/or
transcriptome.
Phylogenetic analysis
We used PROTTEST (Darriba et al. 2011) to estimate the best-fitting model of amino
acid replacement for each alignment used in the profiling step. In each case, WAG (Whelan and
Goldman 2001) was identified as the best-fitting model.  Trees were then constructed for the
profiling step using PhyML 3.0 with the WAG+Γ model.  Bayesian phylogenetic analyses were
conducted with PhyloBayes 3.3f, using the CAT+WAG+Γ model (Lartillot and Rodrigue 2013).
Estimation of substitution rates in mt-aaRS and mt-tRNAs
Substitution  rates  in  holozoan aaRS  sequences  were  estimated  using  mean
maximum-likelihood WAG distances between aaRS from Capsaspora owczarzaki and sequences
from  ingroup choanozoan species,  computed  using the  R package phangorn  (Schliep  2011).
Mitochondrial tRNA sequences were obtained from the mitochondrial genomes of Capsaspora
owczarzaki  (Lavrov and Lang, in press), Monosiga brevicollis  (Burger et al. 2003), Oscarella
carmela (Wang and Lavrov 2007), Chondrilla nucula, Ephydatia muelleri, Suberites domuncula,
Amphimedon queenslandica  (Wang and Lavrov 2008), Trichoplax adhaerens  (Dellaporta et al.
2006),  Hydra  magnapapillata  (Voigt  et  al.  2008),  Anopheles  gambiae  (Beard  et  al.  1993),
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Caenorhabditis  elegans  (Okimoto  et  al.  1992),  Strongylocentrotus  purpuratus  (Jacobs  et  al.
1988),  and Homo sapiens  (Anderson et al. 1981),  and aligned using  the TRNA2 model in the
COVE  package  (Eddy  and  Durbin  1994).  Rates  of  substitution  were  estimated  using  mean
maximum-likelihood pairwise  Kimura  2 Parameter (K80)  distances between mt-tRNAs from
Capsaspora owczarzaki and each other species.
Testing for compensatory substitutions in mt-aaRS
In  order  to  test  for  a  contribution  from  compensatory  substitutions in  mt-aaRS
substitution rates, we assessed the fit of  the following linear model  describing the relationship
between Yi, the substitution rate in aaRS i, and Xi, the substitution rate in mt-tRNA i of the same
amino acid specificity:
Y i=β0+β1δmt+β2 X i+β3δmt X i+εi
where  δmt is  an  indicator  function  equal  to  1  if  aaRS  i is  inferred  to  be  mitochondrial,  β1
represents  the  increase in  substitution  rates  in mt-aaRS  resulting from relaxed  selection  on
mitochondrial translation, β2 represents the relationship between substitution rates in  aaRS and
mt-tRNAs resulting from shared amino acid specificity, and β3 represents the interaction between
substitution  rates  in  mt-tRNAs  and  mt-aaRS  (i.e.  the  contribution  from  compensatory
substitutions). We also assessed the relative fit of two nested cases in which β3 = 0, and β3 = β2 =
0, respectively.
Results
Mitochondrial aaRS present before the emergence of Metazoa
As a first step in elucidating the patterns of replacement of mt-tRNA processing activities
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in animals, we conducted multiple phylogenetic analyses to identify discrete  mt-aaRS lineages
present before the divergence of Metazoa. In agreement with previous studies (Brindefalk et al.
2007; Brandão and Silva-Filho 2011), we identified eight aaRS families that are represented by
only a single eukaryotic lineage (AlaRS, CysRS, GlyRS, HisRS, LysRS, GlnRS, ThrRS, ValRS).
This  result  is consistent with the loss and replacement of either the cytosolic or mitochondrial
lineage early in eukaryotic evolution. Four of these surviving eukaryotic  aaRS  genes (CysRS,
LysRS, ArgRS, ThrRS and ValRS) appear to have then been duplicated prior to the divergence of
Choanozoa (Supplementary Figure S1), giving rise to separate mitochondrial and cytosolic aaRS
lineages through sub-functionalization. Subsequently, mt-LysRS appears to have been lost in the
lineage  leading  to  animals.  Combining  these  observations with  the  remaining  twelve  aaRS
families with a distinct mt lineage, this gives a total of fifteen mt-aaRS genes that are inferred to
have been present in the common ancestor of Metazoa.
Elevated substitution rates in mt-aaRS are the result of relaxed purifying selection
In  every  mt-aaRS  lineage  we examined, we observed significantly higher substitution
rates  than  in  corresponding cy-aaRS  (β1 =  0.39,  p  <  0.0001) (Figure  2A).  In  principle,  this
increase in substitution rates could be the result of one or both of the following factors. First, the
relatively  small  size  of  the  mitochondrial-encoded  proteome  is  expected  to  lead  to  relaxed
selection  for  the  fidelity  and/or  efficiency  of mitochondrial  translation.  This  can  lead to  an
increased  accumulation  of  slightly  deleterious  mutations  in  mt-aaRS,  elevating  their  overall
substitution rates.  Alternatively,  the  elevated rate of substitutions  in mt-aaRS  may be due to
compensatory  mutations  if  mt-tRNA  substrates  evolve  faster  than  their  nuclear-encoded
counterparts.
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In the latter case, a positive correlation is expected between substitution rates in mt-aaRS
and  their  corresponding mt-tRNA substrates.  However,  such a  positive  correlation may  also
result from joint correlation with a third parameter related to the shared amino acid specificity of
aaRS and tRNAs. For instance, sites  that  are involved in tRNA recognition are expected to
undergo fewer substitutions  due to stronger functional constraints, and therefore the proportion
of  such  sites  involved  in  a  particular  aaRS/tRNA binding  interaction should  be  negatively
correlated with overall substitution rates in the genes encoding both molecules.
Indeed, we found that substitution rates in both cy- and mt-aars were weakly correlated
with substitution rates in mt-tRNAs (β2 = 0.38,  r = 0.21,  p = 0.015)  (Figure 2B),  and that this
relationship was not significantly different between the two types of aaRS (β3 = 0.07, p = 0.83),
indicating that that  there is no direct relationship between  substitution rates in mt-tRNAs  and
mt-aaRS.  This  suggests  that  elevated  substitution  rates  in  mt-aaRS  are  not  the  result  of
compensatory substitutions, but are instead merely an outcome of relaxed selection pressure on
mitochondrial translational proteins.
Parallel losses of mt-tRNAs and mt-aaRS in non-bilaterian animals
In several animal lineages that have experienced loss of mt-tRNA genes, we observed the
parallel loss of many corresponding mt-aaRS (Figure 3), suggesting that the replacement of these
enzymes is limited primarily by the presence of a mt-tRNA substrate. Previously we have shown
that in both Cnidaria and Ctenophora, whose mtDNA encode no more than two mt-tRNAs, only
two mt-aaRS have been retained (Haen et al. 2010; Pett et al. 2011). One of them – mt-TrpRS –
appears to be required for the aminoacylation of mt-tRNATrp,  which recognizes the standard
TGA stop codon that is translated as tryptophan in mitochondria, in addition to the standard TGG
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codon.  Interestingly,  octocoral  cnidarians  do  not  encode  mt-tRNATrp in  their  mitochondrial
genomes and TGA codons are used extremely rarely in their coding sequences (Pont-Kingdon et
al. 1998; Brugler and France 2008). Consistent with the absence of this mt-tRNA, our search of
the transcriptome of the octocoral Gorgonia ventalina failed to identify a homolog of mt-TrpRS.
Thus, we posit that octocoral cnidarians use cytosolic tRNATrp in mitochondrial translation, and
have reverted to the standard genetic code in mitochondrial protein synthesis.  Notice that this
appears to be in contrast to the situation in Ctenophora, where mt-tRNATrp has been lost, but
mt-TrpRS has been retained.
Several parallel losses of mt-tRNAs and mt-aaRS have also occurred in sponges. First,
Ircinia fasciculata, which encodes only two tRNA genes in its mitochondrial genome has lost
nine mt-aaRS, while retaining those corresponding to the two remaining mt-tRNAs (Met, Trp).
Second, Corticium candelabrum encodes only six tRNAs in mtDNA (Ile, Met, Pro, Gln, Trp),
and appears to have lost both mt-tRNAs and mt-aaRS corresponding to Cys, Leu, Arg, Ser, Val
and  Tyr.  Finally,  Amphimedon  queenslandica  has  lost  both  mt-tRNAs  and  mt-aaRS
corresponding to Leu, Thr and Val.
Retention of mt-aaRS following the loss of mt-tRNAs
While the replacement of  some mt-aaRS seems be limited primarily by the presence of
mt-tRNAs, some others  appear  to  be  limited  by  additional factors,  including  mitochondrial
import  efficiency  and/or  involvement  in  additional  biochemical  pathways. Perhaps  the  best
example is mt-PheRS, for which we did not observe a single loss in any species. This enzyme is
unusual  in  that  the  mitochondrial  variant  consists  of  a  single  monomeric  subunit,  while  the
cytosolic  variant  is a  heterodimer  composed of  an  α and  β  subunit  (Roy et  al.  2005).  This
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heterodimeric structure presumably limits the efficiency of mitochondrial import  for cytosolic
PheRS,  rendering the loss of mt-PheRS highly deleterious  (Haen et al. 2010).  As a result, this
enzyme  has  never  been  replaced  in  animals,  despite  at  least  three  independent  losses  of
mt-tRNAPhe.
In  addition,  we were  able  to  identify  mt-GluRS,  mt-AspRS and  mt-AsnRS in  every
lineage of sponges we examined, including species that do not encode corresponding mt-tRNA
substrates,  indicating that  these  enzymes  may  carry  out  functions distinct  from the  direct
aminoacylation of mt-tRNAs.  In particular we  found homologs of each of these enzyems in
Amphimedon queenslandica  whose mt-DNA does not encode  mt-tRNAAsp,  as well as  Ircinia
fasciculata and  Corticium  candelabrum,  whose  mt-DNAs  do  not  encode  mt-tRNAGlu,
mt-tRNAAsp,  mt-tRNAAsn. Furthermore,  alignments  with  structurally  characterized  aaRS
sequences shows that the mt-GluRS sequence  we identified from  Ircinia fasciculata  and the
mt-AspRS  sequences  from Amphimedon  queenslandica  and  Corticium  candelabrum  contain
conserved anticodon binding domain sequences, suggesting the encoded enzymes have retained
tRNA processing functions. 
Losses of mt-aaRS in the presence of mt-tRNAs
Finally, the replacement of some mt-aaRS does not appear to be strongly limited either by
the presence of  a corresponding  tRNA  substrate  or  additional  functional  constraints.  Several
losses of mt-aaRS are shared among related lineages of sponges, implying ancient losses that
predate the loss of mt-tRNA genes. For example, we could not identify a distinct mt-ArgRS
sequence  in  any  sponge  dataset  we  examined,  suggesting  these  genes  were  lost  before  the
divergence of Porifera. We found that, among sponges, mt-ValRS is conserved only in calcareous
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sponges  (Class  Calcarea),  suggesting  that  this  enzyme may have been lost  independently  in
homoscleromorphs and siliceous sponges. Similarly, we could not find mt-ThrRS in siliceous or
calcareous sponges, but we were able to identify homologs in both homoscleromorph datasets,
suggesting two independent losses of this  enzyme in Porifera.  As has been noted previously
(Haen et  al.  2010), mt-ThrRS  has also been lost  in  Ctenophora,  Cnidaria and  also  bilaterian
animals, where it was subsequently restored in vertebrates through a duplication of cy-ThrRS.
We  also  did  not  find  a mt-CysRS  homolog  in  any  demosponge  or  glass  sponge  datasets,
suggesting that this gene was lost before the divergence of siliceous sponges. Finally, we could
not identify mt-ProRS in representatives of the demosponge order Spongillida, which includes
freshwater sponges Spongilla lacustris  and Ephydatia muelleri, suggesting this protein was lost
during the transition to fresh water.
A complete GatCAB is absent from Ctenophora and Cnidaria, but present in Porifera
 Two pathways exist in prokaryotes for the formation of Asn-tRNAAsn and Gln-tRNAGln:
one involving the direct aminoacylation of tRNAs with their cognate amino acids by a specific
AsnRS or GlnRS, and an indirect pathway in which  mt-tRNA is instead aminoacylated with a
non-cognate  amino  acid  by  a  non-discriminating  AspRS  or  GluRS,  forming  a  mischarged
intermediate Asp-tRNAAsn or Glu-tRNAGln  (Curnow et al. 1997). These intermediates are then
converted into the proper aminoacyl-tRNAs by a multi-subunit protein complex, glutamyl-tRNA
amidotransferase (Gat).  In  eukaryotes,  Gat  is  composed of  two catalytic  subunits,  GatA and
GatB, both of which are required for amidotransferase activity (Nagao and Suzuki 2009). A third
subunit, GatC, acts as a linker between GatA and GatB, and is poorly conserved in eukaryotes,
though it  has been identified in both animals and plants  (Pujol and Bailly 2008; Nagao and
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Suzuki  2009).  In  opisthokonts,  the  indirect  Gat-mediated  pathway  has  been  found  to  be
mitochondrial in origin (Sheppard and Söll 2008), and cytosolic translation is thought to utilize
only the direct pathway.
We search for and were able to locate homologs of subunits A and B (GatA, GatB) in
each  class  of  sponges,  though  we  failed  to  identify  GatB in  many  demosponges,  including
representatives of the G4 clades Democlavia and Spongillida. The small and poorly conserved
GatC subunit was more difficult to identify, though we were able to locate homologs in Ircinia
fasciculata and Corticium candelabrum. Thus, there are strong indications that the mitochondrial
Gat pathway is active in these species. In contrast with sponges, we failed to identify homologs
of GatB or GatC in Cnidaria or Ctenophora, and were only able to identify one sequence in
Nematostella vectensis with possible homology to GatA (Supplementary Figure S2), suggesting
that mt-tRNA amidotransferase activity is not present in the mitochondria of these species.
Replacement of mt-tRNAIle lysidine synthetase
Another  tRNA processing  pathway  that  is  characteristic  of  bacterial  translation,  and
which has been inherited by mitochondria, involves the use of a modified tRNAIle(CAU) for the
translation  of  the  AUA codon as  isoleucine.  A specific  enzyme,  tRNAIle-lysidine  synthetase
(TilS), catalyzes the conversion of cytosine in the wobble position of the anticodon loop to a
lysidine (2-lysyl-cytidine), producing tRNAIle(LAU), which can then form a Watson-Crick base
pair with AUA (Suzuki and Miyauchi 2010). This modification also prevents misaminoacylation
of  tRNAIle(CAU) by MetRS,  and thus  enables  discrimination  of  AUA and AUG codons  as
isoleucine and methionine respectively. A tRNAIle(CAU) gene is encoded in the mtDNA of most
opisthokont species, and a putative TilS homolog has been identified in several species of fungi
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(Xavier et al. 2012). In animals, however, tRNAIle(CAU) has been found only in sponges and
placozoans (Lavrov 2007).
We search for and were able to identify a homolog of mt-tRNAIle lysidine synthetase
(TilS) in every non-bilaterian animal dataset we examined, except those for the Cnidaria and
Ctenophora, and the transcriptome of Ircinia fasciculata. Because the mitochondrial genomes of
these species do not encode a mt-tRNAIle gene, this suggests that the loss of mt-tRNAIle rendered
the function of TilS unnecessary, resulting in its loss as well. Surprisingly, however, we were
able to identify a TilS homolog in  Aphrocallistes vastus, a glass sponge that encodes a single
mt-tRNA gene with a CAU anticodon sequence, which was previously identified as the initiator
tRNAfMet(CAU) (Haen et al. 2007). This mt-tRNA sequences lacks the R11-Y24 base pair that is
typical of initiator tRNAs in other organisms,  so it is not clear whether this gene codes for  a
initiator tRNAfMet(CAU) or for the tRNAIle(CAU)  that usually translates AUA as isoleucine.
When analyzed with other sponge mt-tRNAMet and mt-tRNAIle sequences, it is clear that  this
sequence is homologous to other mt-tRNAMet sequences (Supplementary Figure S3). Thus, the
presence of TilS in Aphrocallistes vastus potentially suggests that a mt-tRNAMet may have been
recruited  for the translation of AUA as  isoleucine  in glass sponges,  while  the gene encoding
mt-tRNAIle(CAU) was lost. Additional evidence for this hypothesis comes from the fact that we
could not identify a mt-MetRS homolog in  Aphrocallistes vastus,  suggesting that mt-tRNAMet
may not be the substrate for methionyl-tRNA synthesis in glass sponge mitochondria.
Loss of mtRNaseP in Ctenophora
In animal mitochondria, mature mt-tRNAs are generated through the removal of extra 5'
nucleotides  by  a  three-subunit  mitochondrial  RNase  P  (mtRNaseP)  enzyme  that  is  not
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homologous to the RNase P found in the mitochondria of many other eukaryotes (Holzmann et
al. 2008).  Instead, the ancestral prokaryotic ribozyme has been replaced  in animals  by nuclear
genes of non-mitochondrial origin. Two mtRNaseP subunits, MRRP1 and MRRP2, are members
of large and diverse protein families, while MRRP3 is thought to be represented by only a single
ortholog in animals  (Holzmann et al.  2008).  We were able to identify homologs of all  three
subunits  of  this  enzyme  in  nearly all  animal  datasets we  examined,  plus many  unicellular
relatives of animals, suggesting that this enzyme originated before the divergence of  Holozoa.
However, in Ctenophora, where all mt-tRNAs have been lost,  we were not able to identify any
homologs of  MRRP3  in  any  of  the  datasets  from the  nine  species  that  we  examined  (two
complete genomes, nine transcriptomes). This suggests that the loss of mt-tRNAs in ctenophores,
led to the loss of mtRNaseP.
Discussion
Variation  in  mitochondrial  coding  capacity  among  non-bilaterian  animals  makes  it
possible to explore the correlated evolution of mitochondrial and nuclear genomes. In particular,
we  were  interested  in  the  changes  in  nuclear  genomes  co-occurring  with  the  loss  of
mitochondrial  tRNA (mt-tRNA) genes (Figure 1).  Our previous  studies have found a nearly
identical pattern of correlated evolution in  Cnidaria and Ctenophora, where the loss of mt-tRNA
genes is associated with the loss of all but two nuclear-encoded mitochondrial aminoacyl-tRNA
synthetases  (mt-aaRS)  (Haen  et  al.  2010;  Pett  et  al.  2011).  In  this  study,  we expanded  our
analysis of cnidarian and ctenophoran genomes by incorporating recently published data from
Ctenophora  (Moroz et  al.  2014) and Octocorallia  (Burge  et  al.  2013),  and by exploring  the
presence  of  additional  enzymes.  In  addition  we  also  analyzed  several  genomic  and
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transcriptomic datasets from sponges (phylum Porifera)  (Riesgo et al. 2014), which have also
experienced independent losses of mt-tRNA genes.
Our extended findings in Cnidaria and Ctenophora strengthen support for the hypothesis
that mt-tRNAs and nuclear encoded mt-tRNA processing enzymes are often lost in parallel. Our
survey of complete genomic and transcriptomic data from nine species of ctenophores and three
species  of  cnidarians  provides  evidence for the loss  of  many mt-tRNA processing activities,
including the  absence of  homologs  of  subunits  of  the mitochondrial  glutamyl/aspartyl-tRNA
amidotransferase,  as  well  as  mt-tRNAIle lysidine  synthetase,  both  of  which  are  ubiquitous
features  of  prokaryotic  translation,  and which  we were  able  to  identify  in  many unicellular
relatives  of  animals.  Finally,  in  Ctenophora,  we  found  evidence  that  the  loss  of  all
mitochondrial-encoded tRNAs has led to the loss of mtRNaseP activity, an enzyme required for
the maturation of mitochondrial-encoded tRNAs in other animals.
In  order  to  assess  whether  this  correlated  distribution  of  mt-tRNAs  and  processing
activities can be expanded to other non-bilaterian animals, we surveyed complete genomic and
transcriptomic  data  from  twelve  species  of  sponges  spanning  all  four  classes  of  Porifera,
including three lineages that have also experienced significant mt-tRNA loss. We were unable to
find  homologs  for  many  corresponding  mt-tRNA  processing  enzymes  in  these  species,
suggesting that these genes were lost along with mt-tRNAs. Thus, the parallel loss of mt-tRNAs
and mt-tRNA processing enzymes also appears to be a feature of sponge mitochondrial evolution
(Figure 4).
However,  our  results  from  sponges  show  important  differences  with  Cnidaria  and
Ctenophora. In particular, the universal conservation of mt-AspRS  and mt-GluRS  in Porifera,
including species that lack the corresponding mt-tRNA substrates, indicates that these enzymes
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may carry out functions distinct from the direct aminoacylation of mt-tRNAs. The retention of
Gat  homologs in  these  species  is  a  strong  indication  that indirect aminoacyl-tRNA
transamidation  pathways are  still  active,  and  that  these  mt-aaRS  may  therefore have  been
retained for  the  production of mischarged tRNA intermediates.  This would be expected if the
production of Asn-mt-tRNAAsn and Gln-mt-tRNAGln is more efficient via  this indirect pathway
than via a direct pathway using cytosolic aaRS, a hypothesis that is supported by previous studies
in yeast and human (Frechin et al. 2009; Nagao and Suzuki 2009). However, in Keratosa, where
the  mt-tRNA substrates  of  both  pathways  have  been  lost,  the  function of  mt-AspRS  and
mt-GluRS is unclear. One possibility is that, prior to the loss of mt-tRNAs, these enzymes were
recruited for the import of  nuclear-encoded tRNAs into the mitochondrion using a mechanism
similar to that described for the co-import of mt-LysRS and tRNALys in yeast (Entelis and Kieffer
1998).
More generally, our results highlight the different selective forces driving the evolution of
mt-aaRS. Our  analysis revealed that aaRS  families that  underwent  replacement  early  in
eukaryotic evolution are also among those that have continued to experience the most frequent
duplication and  loss  in  more recent  evolution.  This  suggests that the  structural  similarities
between recently-duplicated aaRS not only accelerates the loss of mt-aaRS, but also facilitates
their  regeneration through duplication  and  specialization  of  cytosolic aaRS, a  form  of
sub-functionalization  in which positive selection is thought to play a  primary role (Proulx and
Phillips 2006; Des Marais and Rausher 2008; Innan and Kondrashov 2010). This indicates that
adaptive processes may be important in the initial establishment of a separate mt-aaRS lineage.
However, over longer evolutionary times, we did not find any evidence for the accumulation of
positively-selected,  compensatory substitutions in  mt-aaRS.  Instead,  we observed  patterns  of
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substitution that are  consistent with relaxed  purifying  selection  on mitochondrial  translational
proteins due to the small size of the mitochondrial-encoded proteome.
Conclusions
The  evolution  of  mitochondrial  information  processing  pathways  is  characterized  by
relaxed selection and gene loss due to replacement by nuclear-encoded proteins. While the major
components of mitochondrial replication and transcription appear to have been replaced early in
eukaryotic  evolution,  our  analysis  demonstrates  substantial  variation  can  be  observed in  the
nuclear-encoded components of mitochondrial  translation,  including enzymes involved in the
processing of mitochondrial-encoded tRNAs. Our results show that this variation is influenced
by the mt-tRNA complement of the mitochondrial genome,  which varies substantially among
eukaryotes,  including several  groups of animals.  While  our previous studies in  Cnidaria  and
Ctenophora suggested  a  fairly  simple  correlated distribution  of  mt-tRNA genes  and  their
associated processing activities in animals, our expanded results from other non-bilaterian taxa,
including  sponges,  reveal a substantially more complex evolutionary history of mitochondrial
translation.  More  data  from  underrepresented  animal  lineages  which  have  lost  mt-tRNAs,
including  the bilaterian phylum  Chaetognatha  (Papillon et al. 2004), will help to shed further
light on the dynamic evolution of mitochondrial translation.
Acknowledgements
We would like to thank Ana Riesgo, Marcin Adamski, Inaki Ruiz-Trillo, two more for providing
transcriptome data.
120
References
Adams K. 2003. Evolution of mitochondrial gene content: gene loss and transfer to the nucleus. 
Molecular Phylogenetics and Evolution 29:380–395.
Anderson S, Bankier A, Barrell B. 1981. Sequence and organization of the human mitochondrial 
genome. Nature 290:457–465.
Beard CB, Hamm DM, Collins FH. 1993. The mitochondrial genome of the mosquito Anopheles
gambiae: DNA sequence, genome organization, and comparisons with mitochondrial 
sequences of other insects. Insect Molecular Biology 2:103–124.
Brandão MM, Silva-Filho MC. 2011. Evolutionary history of Arabidopsis thaliana 
aminoacyl-tRNA synthetase dual-targeted proteins. Molecular Biology and Evolution 
28:79–85.
Brindefalk B, Viklund J, Larsson D, Thollesson M, Andersson SGE. 2007. Origin and evolution 
of the mitochondrial aminoacyl-tRNA synthetases. Molecular Biology and Evolution 
24:743–756.
Brugler MR, France SC. 2008. The mitochondrial genome of a deep-sea bamboo coral (Cnidaria,
Anthozoa, Octocorallia, Isididae): genome structure and putative origins of replication are 
not conserved among octocorals. Journal of Molecular Evolution 67:125–136.
Burge CA, Mouchka ME, Harvell CD, Roberts S. 2013. Immune response of the Caribbean sea 
fan, Gorgonia ventalina, exposed to an Aplanochytrium parasite as revealed by 
transcriptome sequencing. Frontiers in Physiology 4:180.
Burger G, Forget L, Zhu Y, Gray MW, Lang BF. 2003. Unique mitochondrial genome 
architecture in unicellular relatives of animals. Proceedings of the National Academy of 
Sciences 100:892–897.
Burger G, Gray MW, Forget L, Lang BF. 2013. Strikingly Bacteria-Like and Gene-Rich 
Mitochondrial Genomes throughout Jakobid Protists. Genome Biology and Evolution 
5:418–438.
Curnow AW, Hong K, Yuan R, Him S, Martins O, Winkler W, Henkin TM, Söll D. 1997. 
Glu-tRNA Gln amidotransferase : A novel heterotrimeric enzyme required for correct  
decoding of glutamine codons. Proceedings of the National Academy of Sciences 
94:11819–11826.
Darriba D, Taboada GL, Doallo R, Posada D. 2011. ProtTest 3: fast selection of best-fit models 
of protein evolution. Bioinformatics 27:1164–1165.
121
Dellaporta SL, Xu A, Sagasser S, Jakob W, Moreno MA, Buss LW, Schierwater B. 2006. 
Mitochondrial genome of Trichoplax adhaerens supports placozoa as the basal lower 
metazoan phylum. Proceedings of the National Academy of Sciences 103:8751–8756.
Eddy SR, Durbin R. 1994. RNA sequence analysis using covariance models. Nucleic Acids 
Research 22:2079-2088.
Entelis N, Kieffer S. 1998. Structural requirements of tRNALys for its import into yeast 
mitochondria. Proceedings of the National Academy of Sciences 95:2838–2843.
Filée J, Forterre P, Sen-Lin T, Laurent J. 2002. Evolution of DNA polymerase families: evidences
for multiple gene exchange between cellular and viral proteins. Journal of Molecular 
Evolution 54:763–773.
Finn RD, Clements J, Eddy SR. 2011. HMMER web server: interactive sequence similarity 
searching. Nucleic Acids Research 39:W29–37.
Frechin M, Senger B, Brayé M, Kern D, Martin RP, Becker HD. 2009. Yeast mitochondrial 
Gln-tRNA(Gln) is generated by a GatFAB-mediated transamidation pathway involving 
Arc1p-controlled subcellular sorting of cytosolic GluRS. Genes & Development 
23:1119–1130.
Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gascuel O. 2010. New algorithms 
and methods to estimate maximum-likelihood phylogenies: assessing the performance of 
PhyML 3.0. Systematic Biology 59:307–321.
Haen KM, Lang BF, Pomponi SA, Lavrov DV. 2007. Glass sponges and bilaterian animals share 
derived mitochondrial genomic features: a common ancestry or parallel evolution? 
Molecular Biology and Evolution 24:1518–1527.
Haen KM, Pett W, Lavrov DV. 2010. Parallel Loss of Nuclear-Encoded Mitochondrial 
Aminoacyl-tRNA Synthetases and mtDNA-Encoded tRNAs in Cnidaria. Molecular Biology
and Evolution 27:2216–2219.
Helfenbein KG, Fourcade HM, Vanjani RG, Boore JL. 2004. The mitochondrial genome of 
Paraspadella gotoi is highly reduced and reveals that chaetognaths are a sister group to 
protostomes. Science 101:10639–10643.
Hemmrich G, Bosch TCG. 2008. Compagen, a comparative genomics platform for early 
branching metazoan animals, reveals early origins of genes regulating stem-cell 
differentiation. BioEssays 30:1010–1018.
Holzmann J, Frank P, Löffler E, Bennett KL, Gerner C, Rossmanith W. 2008. RNase P without 
RNA: identification and functional reconstitution of the human mitochondrial tRNA 
processing enzyme. Cell 135:462–474.
122
Huynen MA, Duarte I, Szklarczyk R. 2013. Loss, replacement and gain of proteins at the origin 
of the mitochondria. Biochimica et Biophysica Acta 1827:224–231.
Innan H, Kondrashov F. 2010. The evolution of gene duplications: classifying and distinguishing
between models. Nature reviews. Genetics 11:97–108.
Jacobs HT, Elliott DJ, Math VB, Farquharson a. 1988. Nucleotide sequence and gene 
organization of sea urchin mitochondrial DNA. Journal of Molecular Biology 202:185–217.
Katoh K, Toh H. 2008. Recent developments in the MAFFT multiple sequence alignment 
program. Briefings in Bioinformatics 9:286–298.
Kayal E, Bentlage B, Collins AG, Kayal M, Pirro S, Lavrov DV. 2012. Evolution of linear 
mitochondrial genomes in medusozoan cnidarians. Genome Biology and Evolution 4:1–12.
Kelley LA, Sternberg MJE. 2009. Protein structure prediction on the Web: a case study using the 
Phyre server. Nature Protocols 4:363–371.
Lartillot N, Rodrigue N. 2013. PhyloBayes MPI. Phylogenetic reconstruction with infinite 
mixtures of profiles in a parallel environment. Systematic Biology 62:611–615.
Lavrov DV, Lang BF. Mitochondrial Genomes in Unicellular Relatives of Animals. In: Bell E, 
editor. Molecular Life Sciences. Vol. 9091. New York, NY: Springer New York.
Lavrov DV. 2007. Key transitions in animal evolution: a mitochondrial DNA perspective. 
Integrative and Comparative Biology 47:734–743.
Des Marais DL, Rausher MD. 2008. Escape from adaptive conflict after duplication in an 
anthocyanin pathway gene. Nature 454:762–765.
Matsen F a, Kodner RB, Armbrust EV. 2010. pplacer: linear time maximum-likelihood and 
Bayesian phylogenetic placement of sequences onto a fixed reference tree. BMC 
Bioinformatics 11:538.
Moroz LL, Kocot KM, Citarella MR, et al. 2014. The ctenophore genome and the evolutionary 
origins of neural systems. Nature 510:109–114.
Nagao A, Suzuki T. 2009. Biogenesis of glutaminyl-mt tRNAGln in human mitochondria. 
Proceedings of the National Academy of Sciences 106:16209–16214.
Nakanishi K, Bonnefond L, Kimura S, Suzuki T, Ishitani R, Nureki O. 2009. Structural basis for 
translational fidelity ensured by transfer RNA lysidine synthetase. Nature 461:1144–1148.
Okimoto R, Macfarlane JL, Clary DO, Wolstenholme DR. 1992. The mitochondrial genomes of 
two nematodes, Caenorhabditis elegans and Ascaris suum. Genetics 130:471–498.
123
Papillon D, Perez Y, Caubit X, Le Parco Y. 2004. Identification of chaetognaths as protostomes is
supported by the analysis of their mitochondrial genome. Molecular Biology and Evolution 
21:2122–2129.
Pett W, Ryan J, Pang K, Mullikin JC, Martindale MQ, Baxevanis AD, Lavrov D V. 2011. 
Extreme mitochondrial evolution in the ctenophore Mnemiopsis leidyi: Insight from 
mtDNA and the nuclear genome. Mitochondrial DNA 22:130–142.
Philippe H, Derelle R, Lopez P, et al. 2009. Phylogenomics revives traditional views on deep 
animal relationships. Current Biology 19:706–712.
Pont-Kingdon G, Okada N a, Macfarlane JL, Beagley CT, Watkins-Sims CD, Cavalier-Smith T, 
Clark-Walker GD, Wolstenholme DR. 1998. Mitochondrial DNA of the coral Sarcophyton 
glaucum contains a gene for a homologue of bacterial MutS: a possible case of gene transfer
from the nucleus to the mitochondrion. Journal of Molecular Evolution 46:419–431.
Proulx S, Phillips P. 2006. Allelic divergence precedes and promotes gene duplication. Evolution
60:881–892.
Pujol C, Bailly M. 2008. Dual-targeted tRNA-dependent amidotransferase ensures both 
mitochondrial and chloroplastic Gln-tRNAGln synthesis in plants. Proceedings of the 
National Academy of Sciences 105:6481–6485.
Putnam NH, Srivastava M, Hellsten U, et al. 2007. Sea anemone genome reveals ancestral 
eumetazoan gene repertoire and genomic organization. Science 317:86–94.
Riesgo A, Farrar N, Windsor PJ, Giribet G, Leys SP. 2014. The analysis of eight transcriptomes 
from all poriferan classes reveals surprising genetic complexity in sponges. Molecular 
Biology and Evolution 31:1102–1120.
Roy H, Ling J, Alfonzo J, Ibba M. 2005. Loss of editing activity during the evolution of 
mitochondrial phenylalanyl-tRNA synthetase. The Journal of Biological Chemistry 
280:38186–38192.
Ruiz-Trillo I, Burger G, Holland PWH, King N, Lang BF, Roger AJ, Gray MW. 2007. The 
origins of multicellularity: a multi-taxon genome initiative. Trends in Genetics 23:113–118.
Ryan JF, Pang K, Schnitzler CE, et al. 2013. The genome of the ctenophore Mnemiopsis leidyi 
and its implications for cell type evolution. Science 342:1242592.
Scheel BM, Hausdorf B. 2014. Dynamic evolution of mitochondrial ribosomal proteins in 
Holozoa. Molecular Phylogenetics and Evolution 76:67–74.
Schliep KP. 2011. phangorn: phylogenetic analysis in R. Bioinformatics 27:592–593.
124
Schneider A. 2011. Mitochondrial tRNA import and its consequences for mitochondrial 
translation. Annual Review of Biochemistry 80:1033–1053.
Senger B, Auxilien S, Englisch U. 1997. The modified wobble base inosine in yeast tRNAIle is a
positive determinant for aminoacylation by isoleucyl-tRNA synthetase. Biochemistry 
2960:8269–8275.
Sheppard K, Söll D. 2008. On the evolution of the tRNA-dependent amidotransferases, GatCAB 
and GatDE. Journal of Molecular Biology 377:831–844.
Shutt TE, Gray MW. 2006. Bacteriophage origins of mitochondrial replication and transcription 
proteins. Trends in Genetics 22:90–95.
Smits P, Smeitink JAM, Van den Heuvel LP, Huynen M a, Ettema TJG. 2007. Reconstructing the
evolution of the mitochondrial ribosomal proteome. Nucleic Acids Research 35:4686–4703.
Srivastava M, Begovic E, Chapman J, et al. 2008. The Trichoplax genome and the nature of 
placozoans. Nature 454:955–960.
Srivastava M, Simakov O, Chapman J, et al. 2010. The Amphimedon queenslandica genome and
the evolution of animal complexity. Nature 466:720–726.
Suzuki T, Miyauchi K. 2010. Discovery and characterization of tRNAIle lysidine synthetase 
(TilS). FEBS letters 584:272–277.
Voigt O, Erpenbeck D, Wörheide G. 2008. A fragmented metazoan organellar genome: the two 
mitochondrial chromosomes of Hydra magnipapillata. BMC Genomics 9:350.
Wang X, Lavrov DV. 2007. Mitochondrial genome of the homoscleromorph Oscarella carmela 
(Porifera, Demospongiae) reveals unexpected complexity in the common ancestor of 
sponges and other animals. Molecular Biology and Evolution 24:363–373.
Wang X, Lavrov DV. 2008. Seventeen new complete mtDNA sequences reveal extensive 
mitochondrial genome evolution within the Demospongiae. PloS One 3:e2723.
Whelan S, Goldman N. 2001. A general empirical model of protein evolution derived from 
multiple protein families using a maximum-likelihood approach. Molecular Biology and 
Evolution 18:691–699.
Xavier BB, Miao VPW, Jónsson ZO, Andrésson ÓS. 2012. Mitochondrial genomes from the 
lichenized fungi Peltigera membranacea and Peltigera malacea: features and phylogeny. 
Fungal Biology 116:802–814.
125
Figure 1. Inferred losses of mt-tRNAs and mt-tRNA processing enzymes in Metazoa
Boxes above branches indicate losses of mt-tRNA processing activities, and boxes below 
branches indicate losses of the corresponding mt-tRNA substrate. Colors indicate different 
mt-tRNA processing pathways. Phylogenetic relationships are as in (Philippe et al. 2009).
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Figure 2. Elevated substitution rates in mt-aaRS due to relaxed selection
Mean pairwise distances between aaRS and mt-tRNA sequences from Capsaspora owczarzaki 
and members of Choanozoa. Maximum-likelihood distances were estimated between aaRS 
sequences using the WAG model, and between mt-tRNA sequences using the Kimura 
2-Parameter (K80) model (mt = mitochondrial, cy = cytosolic) A. Distances are shown for aaRS 
families inferred to have a mitochondrial lineage present in the common ancestor of Choanozoa 
B. Lines represent linear regression estimates of the relationship between substitution rates in 
mt-tRNAs and aaRS. The most parsimonious linear model showed that substitution rates 
between mt-aaRS and cy-aaRS were significantly different (line intercepts) (p < 0.0001), and 
positively correlated with substitution rates in mt-tRNAs (r = 0.21, p = 0.015), but there was no 
significant difference between aaRS in their relationship with substitution rates in mt-tRNAs 
(line slopes) (p = 0.83).
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Figure 3. Distribution of mt-tRNAs and mt-tRNA processing enzyme homologs in Metazoa
Filled squares indicate presence of a mt-tRNA processing activity, and filled boxes inside squares
indicate presence of the corresponding mt-tRNA substrate. Question marks indicate missing or 
ambiguous mt-tRNA data. Letters denote the amino acid specificity of mt-aaRS which are 
inferred to have been present in the common ancestor of animals. The outlined boxed indicates 
mt-aaRS which are inferred to have originated through gene duplication after the divergence of 
eukaryotes.
129
CHAPTER 6.  GENERAL CONCLUSIONS
Conclusions
Non-bilaterian animals, including members of the phyla Ctenophora, Cnidaria, Placozoa,
and  Porifera,  encompass  most  of  the  diversity  observed  in  animal  mitochondrial  DNA
(mt-DNA),  making these  groups  ideal  for  testing  comparative hypotheses  of  mitochondrial
genome evolution in animals. In particular, the wide variation in gene content and evolutionary
rates among non-bilaterian mt-DNA provides opportunities for understanding the  non-adaptive
forces influencing mitochondrial genome evolution, including mutation and random genetic drift
(Lynch et al. 2006). Together, these forces are expected have a profound influence in driving the
transfer of genetic material from the mitochondrion to the nucleus, which is in turn expected to
strengthen drift and elevate mutation rates (Sung et al. 2012). This results in a positive feedback
loop,  or  ratchet,  between  mitochondrial  mutation rates  and  mitochondrial  gene  loss. In  this
dissertation,  I have presented results from the mt-DNA of  non-bilaterian animals that highlight
this dynamic relationship between mutation and gene loss in mitochondrial DNA.
In order to understand the influence of these forces, it is important to evaluate the degree
to  which  mt-DNA  is  exposed  to  selection  (Lynch  2010).  As  such,  the survey  of  selective
pressures  in  the  mt-DNA of  sponges  (Chapter  3) has  the  potential  to  provide  a  unifying
explanation for a variety of features observed in their mitochondrial genomes. Strong purifying
selection in the mitochondria of one family of homoscleromorph sponges (Oscarellidae) has led
to  a  decrease  in  mitochondrial  mutation  rates,  slowing the  transfer  of  genes  to  the  nucleus
(Chapter 2). At the same time, the loss of multiple mitochondrial tRNA genes in a closely related
family (Plakinidae) has led to an increased rate of mutation via decreased exposure to selection.
Similarly, relaxed selection pressure in the mt-DNA of glass sponges (class Hexactinellida), has
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led  to  elevated  mutation  rates,  the  loss  of  several  genes,  and  the  accumulation  of  many,
presumably deleterious, programmed translational frameshifting mutations.
Relaxed selection and the loss of mitochondrial genes can also have an extended impact
on the evolution of many nuclear-encoded proteins involved in the maintenance of mt-DNA. In
particular,  the results  from  Chapter  5  demonstrate  that the  loss  of  mt-tRNAs  in  many
non-bilaterian animals is  linked with the loss of nuclear-encoded mt-tRNA processing enzymes.
In addition,  these results suggest that loss of mitochondrial-encoded protein-coding genes can
accelerate the evolution of these nuclear-encoded translational enzymes, leading to higher rates
of turnover and replacement. In the extraordinary example of Ctenophora, a radically accelerated
mitochondrial ratchet has led to the total loss of mt-tRNAs, most mt-tRNA processing activities,
and  a drastic  truncation of  ribosomal  RNA genes,  representing  the most  highly  modified
mitochondrial translational system ever described in animals.
Future Directions
One  limitation  of  the  preceding conclusions is  that several  population  parameters,
including effective population size and generation time, have not been  directly accounted for.
Instead,  inferences  regarding  population  dynamics  were  often  made  based  on  qualitative
comparisons  of  substitution  rates between the  mitochondrion  and the  nucleus.  For  example,
elevated substitution rates in both the mitochondrion and the nucleus  could be interpreted as
arising  from a  common  population-level mechanism. To  address  this  issue,  more  extensive
quantitative analysis,  taking  into  account  a  larger  spectrum  of  mitochondrial  and  nuclear
sequence data, genomic characters and indirect population genetics variables is needed.
More fundamentally, all these intricate details call for an integrated mechanistic view of
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genome  evolution,  correctly  articulating  our  knowledge  of  population  genetic  and
macroevolutionary  processes.  Along  these  lines,  the  development  of  novel,  integrative
computational  tools  which  capture  the  covariation  among  various  ecological  and  molecular
evolutionary forces will be essential for accurately modeling the predictions of the mitochondrial
ratchet hypothesis. In this direction, a new class of Bayesian comparative methods (Lartillot and
Poujol 2010; Lartillot  and Delsuc 2012; Nabholz et  al.  2013) which can accommodate such
covariation directly are a promising avenue of research.
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APPENDIX A.  SUPPLEMENTARY MATERIALS FOR CHAPTER 3
Supplementary Figure 1.  Maximum likelihood phylogenetic  analysis  of  all  hexactinellid
coding sequences used in the current study (mt-genome and single gene data). The tree with
the  highest  log  likelihood  (-56917.0467)  is  shown.  The  percentage  of  trees  in  which  the
associated taxa clustered together is shown next to the branches. The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site.
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Supplementary Figure 2. Overall log codon usage from the coding sequences used in this
study. Codons ending in T are colored orange, ending in C are dark blue, ending in A are light
blue and ending in G are green.  Note the general disuse of codons ending in guanine, including
the TGG and CGG “hungry” codons.
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Supplementary Figure 3. Glycine mt-tRNA structures from two representative glass 
sponges. A. Iphiteon panicea mt-tRNA Gly contains a 9 base-pair anticodon loop. B. 
Sympagella nux and other glass sponges from this study contain a 28:42 basepair mismatch in 
the mt-tRNA Gly acceptor stem. Unusual features are highlighted in red.
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Supplementary Figure 4. Ratios of non-synonymous to synonymous substitution rates in
three groups of sponges.  Boxplots represent posterior distribution estimates,  with whiskers
extending to the 95% upper and lower highest posterior density credible interval.
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Supplementary Figure 5.  Posterior reconstruction of  dN/dS within Hexactinellida.  Inner
and  outer  shaded  circles  represent  lower  and  upper  95% highest  posterior  density  credible
intervals.  We found a significant increasing trend in dN/dS with increasing node depth (posterior
probability = 0.99).
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Supplementary Figure 6. Posterior reconstruction of Kr/Kc within Hexactinellida. Radical 
substitutions were defined as those changing the charge of an amino acid. Inner and outer shaded
circles represent lower and upper 95% highest posterior density credible intervals. We found no 
significant increasing trend in  Kr/Kc with increasing node depth (posterior probability = 0.49).
 Reconstructions based on polarity and volume gave nearly identical results (data not shown).
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Supplementary  Figure  7.   Correlation  of  holotype  body  length  and  mitochondrial
frameshift presence (R=0.94, P=0.005).  Unlike many other animals, hexactinellid body length
is  inversely  proportional  to  growth  and  metabolic  rate.  Letters  indicate  the  species  of  the
measured  holotype  specimen:  OM  (O.  minuta),  VP  (V.  pourtalesi),  SN  (S.  nux),  HF  (H.
falcifera), IP (I. panicea), and AB (A. beatrix).
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APPENDIX B. SUPPLEMENTARY METHODS FOR CHAPTER 3
Analysis of Binary Character Data
Notation and Parameters
Frameshift insertion data is represented as a data matrix D of J species with I GGA sites, with a 1
indicating the presence of a frameshift insertion and a 0 indicating its absence. Phylogenetic relationships
between the J species are represented by a rooted phylogenetic tree, denoted as τ , whose internal nodes
represent speciation events. A length is associated with each branch. Let t = (tj), where j ∈ [1, ..., 2J − 2]
are branch indices, denote the set of branch lengths.
Markovian Substitution Process
The process of gain and loss of a given frameshift site is modeled as a continuous time Poisson process
along each branch, where the rates of gain and loss on branch j are indicated by λ = (λj) and µ = (µj)
respectively. The stochastic kernel of this substitution process on branch j, denoted Qj , can be expressed
as follows:
Qj =
 −λj λj
µj −µj

In some cases, it is more natural to use the normalized rates, ρ = λ+ µ and pi = λλ+µ , such that
Qj/ρj =
 −pij pij
(1− pij) −(1− pij)

The parameters pij and ρj can be interpreted as the stationary frameshift frequency and total rate of
frameshift substitution replacement on branch j, respectively. Using this reparameterization, the branch
lengths can then be re-expressed in units of the expected number of frameshift substitutions per site, ν = ρt
Note that because, in general, the entire substitution process along τ is not time-reversible, the place-
ment of the root is not trivial. For the same reason, we specify an independent parameter φ representing
the frameshift frequency in the ancestral sequence at the root of τ .
Priors on Parameters and Hyperparameters
In general, gains and losses of genes are assumed to follow a branch-wise constant substitution process,
where both pi and ρ are free to vary among lineages. In addition to this general time-heterogeneous, free-
rates model, we also explored a strict-clock, time-homogeneous model in which a constant stationary gene
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frequency pi = φ is assumed, and a constant rate of frameshift substitution ρ = ρ is assumed. In this case,
we use a Beta(1,1) distribution for pi = φ, and a truncated Jeffrey’s prior for ρ.
MCMC Sampling
Let θ collectively denote the set of all the parameters of the model. By Bayes theorem, the posterior
probability p(θ|D) is proportional to the prior p(θ) times the likelihood p(D|θ):
p(θ|D) ∝ p(D|θ)p(θ)
In order to obtain a sample from the posterior distribution of θ, we use the MCMC sampling method
based on the Metropolis-Hastings algorithm. Dirichlet sampling mechanisms were used to update pi, as
described in [1].
Implementation
All models were implemented in coevol [2] jointly with an amino acid substitution model on a shared
time-tree with uniform divergence times. See the main text for a description of which amino acid substitution
models were used.
MCMC Settings
We constructed an alignment of 233 binary characters representing all GGA sites in the concatenated
alignment of 11 species of glass sponges. Two chains were run for the time-homogeeous model for 80,000
generations each. Convergence was assessed visually using Tracer [3].
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APPENDIX C.  SUPPLEMENTARY MATERIALS FOR CHAPTER 4
Description of Supplementary Files
The following supplementary material is available for this article:
(Online Figure 1. Figure S1. Mitochondrial genome map of Mnemiopsis leidyi showing 
locations of all ORFs > 50 codons. Gene names are abbreviated as in Figure 1.
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(Online Figure 2. Figure S2. Nucleotide composition of coding sequences and small ORFs in
M. leidyi mtDNA.
143
(Online Figure 3. Figure S3. Predicted transmembrane helices in Mnemiopsis leidyi (left) 
and Sarcophyton glaucum (right).  Expected numbers of helices for each protein are shown in 
parentheses.
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APPENDIX D.  SUPPLEMENTARY MATERIALS FOR CHAPTER 5
Supplementary Figure S1. Duplication of mt-aaRS prior to the emergence of Metazoa
Maximum clade  credibility  trees  constructed  using  PhyloBayes  3.3f  with  the  CAT+WAG+Γ
mode. Alignments were constructed using aaRS sequences from all three domains of life for A)
CysRS  B)  LysRS  C)  ThrRS  D)  ValRS. Numbers above nodes indicate posterior probabilities.
Inferred mitochondrial lineages are shown in red, cytoslic lineages in blue.
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Supplementary  Figure  S2.  Maximum  clade  credibilitiy  tree  for  GatA homologs  from
Metazoa. Tree was constructed with MrBayes using the WAG+Γ amino acid substitution model.
Numbers above nodes indicate posterior probabilities.  Red-colored branches indicate inferred
mitochondrial lineages based on homology with sequences from human. Numbers above nodes
indicate posterior clade probabilities.
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Supplementary Figure S3. Relationships among mt-tRNA-Ile/Met in sponges. 
tRNA sequences from sponges were aligned using the TRNA2 covariance model in the COVE
package, and analyzed using MrBayes by integrating over all possible nucleotide substitution
models using reversible-jump. Numbers above nodes indicate posterior clade probabilities.
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